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ABSTRACT
L a r v a l  C r a s s o s t r e a  v i r g i n i c a  may b e  r e t a i n e d  w i t h i n  e s t u a r i e s  by 
a c t i v e  d e p t h  r e g u l a t i o n .  L a r v a e  w h ic h  m a i n t a i n  t h e m s e l v e s  w i t h i n  h i g h  
s a l i n i t y  b o t to m  w a t e r  o f  p a r t i a l l y  m ixed  e s t u a r i e s  w o u ld  t e n d  t o  b e  
t r a n s p o r t e d  u p - e s t u a r y .  T hose  l a r v a e  w i t h i n  t h e  low  s a l i n i t y  s u r f a c e  
w a t e r  w ou ld  t e n d  t o  b e  t r a n s p o r t e d  o u t  o f  m ost e s t u a r i e s .
E x p e r im e n t s  w e r e  u n d e r t a k e n  t o  d e t e r m i n e  l a r v a l  v e r t i c a l  
d i s t r i b u t i o n s  i n  c h a m b e rs  w i t h  two s a l i n i t y  l a y e r s .  Cham bers c o n s i s t e d  
o f  v e r t i c a l  g l a s s  t u b e s  22 x  0 . 6  cm i n  s i z e .  T h r e e  s i z e s  o f  l a r v a e  w e re  
o b s e r v e d :  7 0 ,  13 0 ,  and  270 urn i n  s h e l l  h e i g h t .  L a r v a e  w e r e  a c c l i m a t e d
t o  5 ,  1 0 ,  15 ,  2 0 ,  25 ,  and  3 0 ° / o o  s a l i n i t y  w a t e r .  T r e a t m e n t s  c o n s i s t e d  
o f  c o n t r o l s  (no d i s c o n t i n u i t y ) ,  a c c l i m a t i o n  s a l i n i t y  w a t e r  o v e r  w a t e r  
m ore s a l i n e ,  and  a c c l i m a t i o n  s a l i n i t y  w a t e r  b e n e a t h  w a t e r  l e s s  s a l i n e .
D i s c o n t i n u i t i e s  fo rm ed  w e re  o f  e i t h e r  5 o r  2 .5  ° / o o  m a g n i tu d e .  Swimming 
and  s i n k i n g  v e l o c i t i e s  o f  70 and  130 urn l a r v a e  w e r e  r e c o r d e d  i n  a l l  6 
a c c l i m a t i o n  s a l i n i t i e s .
L a r v a e  o f  a l l  3 s i z e s  swam t o  t h e  s u r f a c e  i n  c o n t r o l  c h a m b e rs  and 
i n  c h a m b e rs  w i t h  a c c l i m a t i o n  s a l i n i t y  a s  t h e  t o p  w a t e r  l a y e r .  I n  
c h a m b e rs  w i t h  a c c l i m a t i o n  s a l i n i t y  a s  t h e  b o t to m  w a t e r  l a y e r ,  t h e  
p e r c e n t a g e  o f  l a r v a e  swimming t h r o u g h  t h e  d i s c o n t i n u i t y  d e c r e a s e d  a s
s a l i n i t i e s  d e c r e a s e d .  L a r v a e  swam t h r o u g h  2 . 5 ° / o o  d i s c o n t i n u i t i e s  m ore
r e a d i l y  t h a n  t h r o u g h  5 ° / o o  d i s c o n t i n u i t i e s .  L a r g e  l a r v a e  swam t h r o u g h  
d i s c o n t i n u i t i e s  w h ic h  s m a l l  l a r v a e  w ou ld  n o t .
Swimming and  s i n k i n g  v e l o c i t i e s  b o t h  i n c r e a s e d  w i t h  l a r v a l  s i z e .  
No r e l a t i o n s h i p  b e tw e e n  s a l i n i t y  and  swimming o r  s i n k i n g  v e l o c i t y  was 
a p p a r e n t .  Swimming v e l o c i t i e s  a v e r a g e d  1 .0 8  mm/sec o r  l e s s .  S in k in g  
v e l o c i t i e s  w e re  h i g h e r ,  b u t  a v e r a g e d  o n l y  1 .8 6  mm/sec o r  l e s s .
T h e se  d a t a  s u g g e s t  t h a t ,  d i s r e g a r d i n g  m ix in g  p r o c e s s e s ,  
C r a s s o s t r e a  v i r g i n i c a  l a r v a e  w i l l  swim t o  t h e  s u r f a c e  i n  t h e  m o d e r a te  t o  
h i g h  s a l i n i t y  a r e a s  o f  e s t u a r i e s ,  b u t  w i l l  g e n e r a l l y  a v o i d  v e r y  low  
s a l i n i t y  s u r f a c e  w a t e r .  T h e i r  swimming v e l o c i t i e s ,  h o w e v e r ,  i n d i c a t e  
t h a t  l a r v a e  c a n  overcom e o n l y  v e r y  weak v e r t i c a l  m i x i n g .  C. v i r g i n i c a  
l a r v a e  a r e  p r o b a b l y  p a s s i v e l y  t r a n s p o r t e d  and  e s t u a r i n e  r e t e n t i o n  i s  
t h e r e f o r e  d e p e n d e n t  upon  t h e  h y d ro d y n a m ic s  o f  e s t u a r i e s .
THE INFLUENCE OF SALINITY ON THE SWIMMING BEHAVIOR OF LARVAL 
CRASSOSTREA VIRGINICA (GMELIN)
INTRODUCTION
A p l a n k t o n i c  l a r v a l  s t a g e  i s  t h e  p r i n c i p l e  m eans o f  d i s p e r s a l  f o r  
many m a r i n e ,  b e n t h i c  i n v e r t e b r a t e s .  I n  t e m p e r a t e  w a t e r s ,  t h e  m a j o r i t y  
o f  b e n t h i c  i n v e r t e b r a t e s  h a v e  p l a n k t o t r o p h i c  l a r v a e  w h ic h  may r e m a in  i n  
t h e  p l a n k t o n  f o r  s e v e r a l  w e e k s  ( T h o r s o n ,  1 9 5 0 ) .  S uch  l o n g - l i v e d  
p l a n k t o n i c  l a r v a e  o f f e r  t h e  a d v a n t a g e s  o f  e s t a b l i s h i n g  new p o p u l a t i o n s  
an d  e n h a n c i n g  g e n e  f lo w  b e tw e e n  e x i s t i n g  p o p u l a t i o n s  ( T h o r s o n ,  1 9 5 0 ) .  
D i s p e r s a l  a l s o  t e n d s  t o  r e d u c e  c o m p e t i t i o n  f o r  r e s o u r c e s  b e tw e e n  p a r e n t s  
an d  o f f s p r i n g .  H ig h  m o r t a l i t y  d u e  t o  p r e d a t i o n  on p l a n k t o n i c  s t a g e s  a n d  
t h e  l o s s  o f  l a r v a e  f ro m  s u i t a b l e  h a b i t a t  a r e a s  a r e  l e s s  f a v o r a b l e  
c o n s e q u e n c e s  o f  a  l o n g  l a r v a l  s t a g e .
The r e t e n t i o n  o f  e s t u a r i n e  l a r v a e  i n  a r e a s  s u i t a b l e  f o r  
s e t t l e m e n t  and  s u r v i v a l  i s  p a r t i c u l a r l y  p r o b l e m a t i c .  S i n c e  n e t  w a t e r  
f lo w  i n  e s t u a r i e s  i s  s e a w a rd  ( P r i t c h a r d ,  1 9 5 2 ) ,  l o s s  o f  p a s s i v e l y  
t r a n s p o r t e d  l a r v a e  t o  c o a s t a l  w a t e r s  m ig h t  b e  e x p e c t e d .  M echan ism s 
w h ic h  w o u ld  r e t a i n  p l a n k t o n i c  l a r v a e  w i t h i n  e s t u a r i e s  h a v e  b e e n  p r o p o s e d  
f o r  a  num ber  o f  s p e c i e s  ( N e l s o n ,  1 9 1 2 ;  N e l s o n ,  1 9 2 1 ;  M anning  & W h a le y ,  
1954 ;  B o u s f i e l d ,  1 9 5 5 ;  de W o l f e ,  1 9 7 4 ;  and  S u l k i n  & Van H e u k e lem , 1 9 8 2 ) .  
I n  t h e  c a s e  o f  o y s t e r  l a r v a e ,  C r a s s o s t r e a  v i r g i n i c a  G m e lin ,  s u g g e s t e d  
m ec h a n ism s  o f  l a r v a l  r e t e n t i o n  h a v e  i n c l u d e d  c o p i o u s  a d u l t  f e c u n d i t y  
c o u p l e d  w i t h  p a s s i v e  d i s p e r s a l  o f  l a r v a e  (M anning & W h a le y ,  1 9 5 4 ;  
B o i c o u r t ,  1 982 ;  S e l i g e r ,  e t  a l . ,  1 9 8 2 ;  A n d re w s ,  1983 ;  a n d  K uo, et^ a l . ,  
i n  p r e s s ) ,  and  b e h a v i o r a l  r e g u l a t i o n  o f  l a r v a l  d i s p e r s a l  ( N e l s o n ,  1 912 ;
3N e ls o n ,  1921 ; C a r r i k e r ,  1951 ; Wood & H a r g i s ,  1 9 7 1 ) .
S a l i n i t y  i s  t h e  e n v i r o n m e n t a l  f a c t o r  m o s t  o f t e n  a s s o c i a t e d  w i t h  
b e h a v i o r a l  r e g u l a t i o n  o f  l a r v a l  d i s p e r s a l  ( N e l s o n ,  1912 ; N e l s o n ,  1921 , 
1928 ; C a r r i k e r ,  1951 ; Wood & H a r g i s ,  1 9 7 1 ) .  The p u r p o s e  o f  t h i s  t h e s i s  
i s  t o  d e t e r m i n e  t h e  r o l e  o f  s a l i n i t y  i n  a f f e c t i n g  t h e  swimming b e h a v i o r  
o f  l a r v a l  C r a s s o s t r e a  v i r g i n i c a . S p e c i f i c a l l y ,  l a r v a l  r e s p o n s e s  t o  
s a l i n i t y  d i s c o n t i n u i t i e s  o f  d i f f e r e n t  m a g n i tu d e s  a r e  e x a m in e d .  
A d d i t i o n a l l y ,  t h e  swimming an d  s i n k i n g  v e l o c i t i e s  o f  l a r v a e  i n  a  r a n g e  
o f  s a l i n i t i e s  a r e  d e t e r m i n e d .
C r a s s o s t r e a  v i r g i n i c a  c a n  b e  fo u n d  b o t h  s u b t i d a l l y  and  
i n t e r t i d a l l y  w i t h i n  i t s  r a n g e  e x t e n d i n g  f ro m  t h e  G u l f  o f  S t .  L a w re n c e  t o  
t h e  G u l f  o f  M exico  and  t h e  W est I n d i e s  i n  a r e a s  w i t h  a  h a r d  o r  ro c k y  
s u b s t r a t e  ( G a l t s o f f ,  1 9 6 4 ) .  C r a s s o s t r e a  v i r g i n i c a  i s  a  b r a c k i s h  w a t e r
s p e c i e s  w h ic h  i n h a b i t s  w a t e r s  w i t h  s a l i n i t i e s  b e tw e e n  5 and  3 0 ° / o o ,  and
c a n  w i t h s t a n d  t e m p e r a t u r e  e x t r e m e s  f rom  1°C d u r i n g  w i n t e r  i n  t h e
n o r t h e r n  p a r t  o f  i t s  r a n g e  t o  36°C  i n  summer i n  t h e  s o u t h e r n  p a r t  o f  i t s  
r a n g e  ( G a l t s o f f ,  1 9 6 4 ) .  O y s t e r  and  o t h e r  b i v a l v e  l a r v a e  may, a t  t im e s  
and  i n  c e r t a i n  a r e a s ,  become n u m e r i c a l l y  d o m in a n t  i n  t h e  p l a n k t o n  
( C a r r i k e r ,  1 9 5 1 ) .  The a d u l t s  o f t e n  p o p u l a t e  l a r g e  a r e a s  o f  t h e  b o t to m ,  
fo rm in g  d e n s e  r e e f s  ( M a r s h a l l ,  1953 ; Haven & W hitcom b, 1983; Haven & 
F r i t z ,  1 9 8 5 ) .
C r a s s o s t r e a  v i r g i n i c a  i s  o v i p a r o u s  and  p r o d u c e s  p l a n k t o t r o p h i c  
l a r v a e  ( G a l t s o f f ,  1 9 6 4 ) .  U s u a l l y ,  o y s t e r s  a r e  p r o t a n d r i c  h e r m a p h r o d i t e s  
w i t h  m ost  o f  t h e  y o u n g e r ,  s m a l l e r  i n d i v i d u a l s  b e i n g  m a le  an d  m ost o l d e r ,  
l a r g e r  a n im a l s  b e i n g  f e m a le  ( B u r k e n r o a d ,  1 9 3 1 ) .  N e e d i e r  (1942) and 
Andrews ( 1 9 7 9 ) ,  h o w e v e r ,  r e p o r t  t h a t  i n d i v i d u a l s  may a l s o  c h a n g e  s e x e s
4y e a r l y ,  e i t h e r  f ro m  m a le  t o  f e m a le  o r  f e m a le  t o  m a le ,  r e g a r d l e s s  o f  
s i z e .
C r a s s o s t r e a  v i r g i n i c a  spawn b y  r e l e a s i n g  e i t h e r  e g g s  o r  sp e rm  
f r e e l y  i n t o  t h e  w a t e r  w h e r e  f e r t i l i z a t i o n  t a k e s  p l a c e .  F e r t i l i z e d  e g g s  
a r e  b e tw e e n  40 and  50  urn i n  d i a m e t e r  ( G a l t s o f f ,  1 9 6 4 ) .  The c i l i a t e d ,  
swimming t r o c h o p h o r e  s t a g e  i s  u s u a l l y  r e a c h e d  4 - 6  h o u r s  a f t e r
f e r t i l i z a t i o n  a t  2 2 ° t o  2 4 °  C ( G a l t s o f f ,  1964) a l t h o u g h  t h i s  d e v e lo p m e n t  
t im e  i s  t e m p e r a t u r e  and  s a l i n i t y  d e p e n d e n t  (A nem iya , 1 9 2 6 ) .  The s h e l l e d  
v e l i g e r  s t a g e  i s  n o r m a l l y  r e a c h e d  a f t e r  18 t o  30  h o u r s  o r  l o n g e r ,  a g a i n  
d e p e n d in g  u pon  t e m p e r a t u r e  an d  s a l i n i t y  (A nem iya , 1 9 2 6 ) .  The l a r v a l  
s h e l l  i s  s e c r e t e d  a s  a  u n i t  b y  t h e  s h e l l  g l a n d  (C h a n le y  & A ndrew s,
1 9 7 1 ) .
The t e r m  " v e l i g e r ” i s  a  g e n e r a l  d e s c r i p t o r  f o r  s e v e r a l  
r e c o g n i z a b l e  l a r v a l  s t a g e s  c h a r a c t e r i z e d  by  t h e  p r e s e n c e  o f  a  v e lu m .
The v e lu m  i s  a  c i l i a t e d  s t r u c t u r e  w h ic h  c a n  b e  p r o t r u d e d  f rom  o r  
w i th d ra w n  b e tw e e n  t h e  l a r v a l  s h e l l s .  T h i s  o r g a n  i s  u s e d  f o r  swimming, 
g a s  e x c h a n g e ,  f e e d i n g  upon  s m a l l  p a r t i c u l a t e  m a t e r i a l  ( E l s t o n ,  1980) and 
f o r  t h e  a b s o r p t i o n  o f  d i s s o l v e d  o r g a n i c  m a t t e r  (Manahan & C r i s p ,  1 9 8 2 ) .
The f i r s t  v e l i g e r  s t a g e  l a r v a e  a r e  r e f e r r e d  t o  a s  s t r a i g h t - h i n g e  
l a r v a e  and  a r e  D - s h a p e d  w i t h  a  h i n g e  l i n e  a t  l e a s t  o n e - h a l f  t h e  t o t a l  
l e n g t h  (maximum a n t e r i o r - p o s t e r i o r  d im e n s io n )  o f  t h e  l a r v a e  (C h a n le y  & 
A ndrew s , 1 9 7 1 ) .  L a t e r  s t a g e  v e l i g e r s  a r e  c h a r a c t e r i z e d  by  t h e  
d e v e lo p m e n t  o f  t h e  um bone, a  p ro m in e n c e  o f  t h e  s h e l l  on  e i t h e r  s i d e  o f  
t h e  h i n g e .  I n  C r a s s o s t r e a  v i r g i n i c a , t h e  umbone i s  l e s s  d e v e lo p e d  in  
t h e  r i g h t  v a l v e  t h a n  t h e  l e f t  v a l v e  o f  t h e  s h e l l  (C h a n le y  & A ndrew s, 
1 9 7 1 ) .  The " e y e d "  l a r v a l  s t a g e  i s  r e a c h e d  w i t h  t h e  d e v e lo p m e n t  o f  a
5g r o u p  o f  d a r k l y  p ig m e n te d  c e l l s  w i t h i n  t h e  v i s c e r a l  m ass  an d  v i s i b l e  
t h r o u g h  t h e  t r a n s p a r e n t  s h e l l  ( G a l t s o f f *  1 9 6 4 ) .  The f i n a l  s t a g e  b e f o r e  
s e t t l e m e n t  and  m e ta m o r p h o s is  i s  t h e  p e d i v e l i g e r  ( s e n s u  C a r r i k e r ,  1961) 
w h ic h  d e v e l o p s  a  f o o t  f o r  m oving  o v e r  s u r f a c e s  an d  a  b y s s u s  g l a n d  f o r  
a t t a c h m e n t  t o  t h e  s u b s t r a t e .  The v e l i g e r  s t a g e s  o f  C. v i r g i n i c a  r a n g e  
i n  s i z e  f ro m  60 t o  350-um  maximum d im e n s io n  ( C h a n le y  & A ndrew s , 1 9 7 1 ) .
P e d i v e l i g e r  l a r v a e  s e a r c h  f o r  s u i t a b l e  a t t a c h m e n t  s i t e s  by  
c r a w l i n g  w i t h  t h e  f o o t  ( G a l t s o f f ,  1 9 6 4 ) .  S e t t l e m e n t  i s  c o m p le te d  by  t h e  
r e l e a s e  f rom  t h e  b y s s u s  g l a n d  o f  a  d ro p  o f  c e m e n t  and  t h e  a t t a c h m e n t  o f  
t h e  l e f t  v a l v e  t o  t h e  s u b s t r a t e  ( G a l t s o f f ,  1 9 6 4 ) .  M e ta m o rp h o s is  i n t o  
t h e  a d u l t  fo rm  c o n s i s t s  o f  t h e  r e o r g a n i z a t i o n  and  r e a r r a n g e m e n t  o f  
p e rm a n e n t  o r g a n s  and  t h e  l o s s  o f  l a r v a l  o r g a n s  ( G a l t s o f f ,  1 9 6 4 ) .  The 
v e lu m  q u i c k l y  d i s a p p e a r s  t h r o u g h  l o s s  o r  r e s o r p t i o n  and  t h e  f o o t  i s  a l s o  
r e s o r b e d  ( C o le ,  1 938 ;  G a l t s o f f ,  1 9 6 4 ) .  M e ta m o rp h o s is  o c c u r s  when t h e  
l a r v a e  a r e  b e tw e e n  310  and  350-um  i n  l e n g t h  (C h a n le y  & A ndrew s, 1 9 7 1 ) .
I n v e s t i g a t i o n s  o f  l a r v a l  r e t e n t i o n  w i t h i n  e s t u a r i e s  h a v e  
t r a d i t i o n a l l y  b e e n  d e s i g n e d  t o  d e t e r m i n e  t h e  v e r t i c a l  d i s t r i b u t i o n  o f  
v a r i o u s  l a r v a l  s t a g e s  w i t h i n  t h e  e s t u a r y  ( N e l s o n ,  19 0 8 ,  19 1 2 ,  1914 ;  
N e l s o n ,  1 921 , 1 954 ;  P r y t h e r c h ,  1 928 ;  C a r r i k e r ,  1951 ; K u n k le ,  1 958 ;  Wood 
& H a r g i s ,  1 9 7 1 ) .  D e t e r m i n a t i o n  o f  t h e s e  d i s t r i b u t i o n s ,  i t  was b e l i e v e d ,  
w o u ld  p r o v i d e  i n s i g h t  i n t o  t h e  m echan ism s  o f  l a r v a l  r e c r u i t m e n t  w i t h i n  
e s t u a r i e s .  T h i s  h a s  l e a d  t o  i n c r e a s i n g l y  m ore e l a b o r a t e  and  m a s s i v e  
s a m p l in g  e f f o r t s .
C i r c u l a t i o n  d y n a m ic s  o f  e s t u a r i e s  h a v e  b e e n  ex am in ed  i n  t h e  b e l i e f  
t h a t  l a r v a e  a r e  t r a n s p o r t e d  p a s s i v e l y ;  i f  s o ,  d e t e r m i n a t i o n  o f  c u r r e n t  
p a t t e r n s  w o u ld  e x p l a i n  o b s e r v e d  r e c r u i t m e n t  p a t t e r n s  (M anning & W ha ley , 
1954 ;  B o i c o u r t ,  1982 ; S e l i g e r ,  et^ a l . ,  1982 ; A ndrew s , 19 8 3 ;  R u z e c k i  &
6H a r g i s ,  i n  p r e s s ;  Kuo, e t  a l . ,  i n  p r e s s ) .  O t h e r  s t u d i e s  h a v e  made 
d i r e c t ,  l a b o r a t o r y  e x a m i n a t i o n s  o f  l a r v a l  swimming b e h a v i o r  a s  i t  
r e l a t e s  t o  l a r v a l  d i s t r i b u t i o n  ( H a s k in ,  1964 ; H id u  & H a s k i n ,  1978 ;
F e e n y ,  1984 ;  K ennedy  & Van H euke lem , 1 9 8 6 ) .
A m echan ism  w h ic h  w o u ld  p r e v e n t  l o s s  o f  f r e e - s w im m in g  o y s t e r  
l a r v a e  f ro m  an  e s t u a r y  was i n i t i a l l y  p r o p o s e d  by  N e l s o n  ( 1 9 1 2 ) .  N e ls o n  
c o l l e c t e d  s u r f a c e  and  n e a r  b o t to m  p l a n k t o n  s a m p le s  i n  s o u t h e r n  New 
J e r s e y  e s t u a r i e s  and  o b s e r v e d  a n  u n e q u a l  v e r t i c a l  d i s t r i b u t i o n  o f  l a r v a e  
( N e l s o n ,  1 9 0 8 ) .  He h y p o t h e s i z e d  t h a t  C r a s s o s t r e a  v i r g i n i c a  l a r v a e  c o u ld  
c o n t r o l  t h e i r  h o r i z o n t a l  d i s t r i b u t i o n  b y  a c t i v e l y  c h a n g in g  t h e i r  
v e r t i c a l  d i s t r i b u t i o n  ( N e ls o n ,  1 9 1 2 ) .  N e l s o n  b e l i e v e d  t h a t  l a r v a e  swam 
upw ard  on f l o o d  t i d e  b u t  s a n k  n e a r  o r  o n t o  t h e  b o t to m  d u r i n g  ebb  t i d e  
t h e r e b y  a v o i d i n g  e x p o r t  f ro m  t h e  e s t u a r y  ( N e l s o n ,  1 9 1 4 ) .
S e v e r a l  l a t e r  i n v e s t i g a t o r s  ( N e ls o n ,  1921 , 1954 ; C a r r i k e r ,  1951 ; 
K u n k le ,  1958 ;  Wood & H a r g i s ,  1971) came t o  t h e  same g e n e r a l  c o n c l u s i o n  
a s  N e l s o n ,  b u t  w i t h  some r e f i n e m e n t  t o  t h e  o r i g i n a l  h y p o t h e s i s .  N e l s o n  
(1921) r e p o r t e d  t h a t  e a r l y  s t a g e  l a r v a e ,  l e s s  t h a n  one  week o l d ,  
e x h i b i t e d  a  u n i f o r m  d i s t r i b u t i o n  w i t h  d e p t h .  The r e s u l t  was a n e t  
d i s p l a c e m e n t  o f  t h e s e  l a r v a e  t o w a r d s  t h e  o c e a n .  L a t e r  s t a g e  l a r v a e  w e re  
r e p o r t e d  t o  d e p t h  r e g u l a t e  i n  r e l a t i o n  t o  t h e  t i d e  t h e r e b y  m oving  b a c k  
up t h e  e s t u a r y  w i t h  s u c c e s s i v e  f l o o d  t i d e s  ( N e ls o n ,  1 9 2 1 ) .
K u n k le  (1958)  c a r r i e d  o u t  a  s a m p l in g  r e g im e  w h ic h  was m ore 
e x t e n s i v e  t h a n  p r e v i o u s  w o rk .  He r e p o r t e d  r e s u l t s  o f  t h r e e  y e a r s  o f  
s a m p l in g  a t  636 s t a t i o n s  i n  D e la w a re  B ay . S u r f a c e  a n d  n e a r  b o t to m  
s a m p le s  w e r e  t a k e n  and t h e  num bers  o f  l a r v a e  c o l l e c t e d  w e r e  g ro u p e d  
a c c o r d i n g  t o  t h e  t i d a l  p h a s e .  I t  i s  n o t  c l e a r  i f  a n y  s t a t i o n s  w e re  
c o n t i n u o u s l y  sa m p le d  o v e r  t h e  c o u r s e  o f  a  c o m p le te  t i d a l  c y c l e .  A l th o u g h
7he  p r e s e n t e d  no  s u p p o r t i n g  d a t a ,  K u n k le  s t a t e d  t h a t  " e a r l y  s t a g e "  l a r v a e  
( s t r a i g h t  h i n g e d ,  e a r l y  um boned, and  l a t e  umboned) e x h i b i t e d  a  u n i f o r m  
d i s t r i b u t i o n  o v e r  t h e  t i d a l  c y c l e .  " L a t e  s t a g e "  ( " m a t u r e " ,  p r e s u m a b ly  
p e d i v e l i g e r  l a r v a e ,  and  eyed  l a r v a e )  w e r e  r e p o r t e d  t o  b e  on o r  n e a r  t h e  
b o t to m  d u r i n g  s l a c k  w a t e r  and  ebb  t i d e ,  b u t  w e r e  u n i f o r m l y  d i s t r i b u t e d  
d u r i n g  t h e  f l o o d  t i d e .
C a r r i k e r  (1951 )  and  Wood & H a r g i s  (1971) c o l l e c t e d  v e r t i c a l  s e r i e s  
o f  p l a n k t o n  s a m p le s  a t  i n t e r v a l s  o v e r  c o m p le te  t i d a l  c y c l e s .  Wood & 
H a r g i s  m o n i t o r e d  5 s i t e s  c o n c u r r e n t l y ;  C a r r i k e r  s a m p le d  4 s i t e s ,  e a c h  
s e p a r a t e l y .  C a r r i k e r  c o n c lu d e d  t h a t  t h e  e a r l y  s t a g e  l a r v a e  moved 
p a s s i v e l y  w i t h  t h e  t i d e s ,  b u t  l a t e  s t a g e  l a r v a e  r e g u l a t e d  t h e i r  v e r t i c a l  
d i s t r i b u t i o n  and  t h e r e b y  t h e i r  h o r i z o n t a l  d i s t r i b u t i o n .  Wood & H a r g i s  
s u g g e s t e d  t h a t  c h a n g in g  s a l i n i t y  i n f l u e n c e d  t h e  b e h a v i o r  o f  l a t e  s t a g e  
l a r v a e .  I n c r e a s i n g  s a l i n i t y  d u r i n g  f l o o d  t i d e  p ro m p te d  t h e  l a r v a e  t o  
swim w h i l e  d e c r e a s i n g  s a l i n i t y  d u r i n g  ebb t i d e  c a u s e d  t h e  l a r v a e  t o  s i n k  
(Wood & H a r g i s ,  1 9 7 1 ) .
An a l t e r n a t i v e  b e h a v i o r a l  m echan ism  b y  w h ic h  C r a s s o s t r e a  v i r g i n i c a  
l a r v a e  m ig h t  b e  m a i n t a i n e d  w i t h i n  an  e s t u a r y  was p u t  f o r t h  by  P r y t h e r c h  
( 1 9 2 8 ) .  S am p les  w e r e  t a k e n  a t  t h e  s u r f a c e ,  m i d - d e p t h ,  and b o t to m  o f  t h e  
w a t e r  co lum n a t  e a c h  s t a g e  o f  t h e  t i d e .  The m a j o r i t y  o f  l a r v a e  fo u n d  
w e r e  c o l l e c t e d  d u r i n g  s l a c k  b e f o r e  f l o o d  w i t h  a n o t h e r ,  s m a l l e r  p e a k  i n  
a b u n d a n c e  d u r i n g  s l a c k  b e f o r e  e b b .  Few l a r v a e  w e re  fo u n d  and  m ost  w e re  
i n  l a t e  s t a g e s  o f  d e v e lo p m e n t .  The v e r t i c a l  d i s t r i b u t i o n  was u n i f o r m  a t  
s l a c k  w a t e r .  P r y t h e r c h  p r o p o s e d  t h a t  o y s t e r  l a r v a e  a v o id e d  s i g n i f i c a n t  
d i s p e r s a l  from  t h e  p a r e n t  p o p u l a t i o n  by swimming o n l y  d u r i n g  p e r i o d s  o f  
low  c u r r e n t  v e l o c i t y .  D u r in g  t i d a l  f l o w ,  P r y t h e r c h  b e l i e v e d  t h e  l a r v a e  
w e re  on t h e  b o t to m .
8Andrews (1954)  r e j e c t e d  t h e  c o n t e n t i o n  t h a t  o y s t e r  l a r v a e  r e s t e d  
on t h e  b o t to m  o f  e s t u a r i e s  a t  a n y  t im e  d u r i n g  t h e  t i d a l  c y c l e  n o t i n g  
t h a t  t h e  " r o i l e d  w a t e r  on t h e  b o t t o m . . .w o u ld  seem a  m o s t  i n h o s p i t a b l e  
p l a c e  f o r  o y s t e r  l a r v a e " .  He b e l i e v e d  t h a t  l a r v a e  w e re  d i s p e r s e d  
p a s s i v e l y  and  s u g g e s t e d  i n c r e a s e d  s t u d y  o f  e s t u a r i n e  c i r c u l a t i o n  and i t s  
e f f e c t  on l a r v a l  t r a n s p o r t .  N e l s o n  (1921) and  T h o r s o n  (1950)  h a d  b o t h  
p o i n t e d  o u t  t h a t  p l a n k t o n i c  l a r v a e  w e re  v u l n e r a b l e  t o  p r e d a t i o n  by  a 
w id e  v a r i e t y  o f  f i l t e r  f e e d i n g  b e n t h i c  a n i m a l s .  T h e se  i n f e r e n c e s  
s u g g e s t  t h a t  t h e  b e h a v i o r a l  t r a i t  o f  l a r v a e  p e r i o d i c a l l y  s i n k i n g  o n t o  
t h e  b o t to m  o f  e s t u a r i e s  i s  n o n - a d a p t i v e  a n d  t h e r e f o r e  u n l i k e l y .
A s t u d y  o f  l a r v a l  r e c r u i t m e n t  i n  t h e  S t .  M a r y 's  R iv e r*  M a ry la n d  
was c o n d u c te d  by  M anning  & W haley  (1954) i n  w h ic h  t h e  o b s e r v e d  
c i r c u l a t i o n  r e g im e  w as u s e d  t o  e x p l a i n  l a r v a l  s e t t l e m e n t  p a t t e r n s .  
C u r r e n t  f lo w  an d  v e r t i c a l  d i s t r i b u t i o n  o f  l a r v a e  w e re  d e t e r m i n e d  a t  
p o i n t s  a lo n g  t h e  e s t u a r y .  V e r t i c a l  d i s t r i b u t i o n  o f  l a r v a e  e x h i b i t e d  a 
p a t t e r n  o f  i n c r e a s e d  a b u n d a n c e  w i t h  d e p th *  e s p e c i a l l y  among l a t e  umboned 
l a r v a e .  M anning & W haley  c o n c l u d e d ,  h o w e v e r ,  t h a t  e s t u a r i n e  c i r c u l a t i o n  
d e t e r m i n e d  t h e  p a t t e r n  o f  l a r v a l  s e t t l e m e n t  i n  t h e  S t .  M a r y 's  R i v e r .
The t w o - l a y e r e d  c i r c u l a t i o n  p a t t e r n  o f  many c o a s t a l  p l a i n  
e s t u a r i e s  ( P r i t c h a r d ,  1952) h a s  a l s o  b e e n  s u g g e s t e d  a s  a  p o s s i b l e  
c o n t r o l l i n g  m echan ism  f o r  l a r v a l  r e c r u i t m e n t  ( B o i c o u r t ,  1982 ;  S e l i g e r  e_t 
a l . , 1982 ; A ndrew s , 1 9 8 3 ) .  T h i s  c i r c u l a t i o n  p a t t e r n  i s  c h a r a c t e r i z e d  by  
a  n e t  d o w n - e s tu a r y  f lo w  o f  low  s a l i n i t y  s u r f a c e  w a t e r  w i t h  a  n e t  u p -  
e s t u a r y  f lo w  o f  h i g h e r  s a l i n i t y  b o t to m  w a t e r  ( P r i t c h a r d ,  1 9 5 2 ) .
B o i c o u r t  (1982)  and  S e l i g e r  e t  a l .  (1982)  ex am in ed  h y d ro d y n a m ic s  
and  l a r v a l  o y s t e r  r e c r u i t m e n t  i n  a  p a i r  o f  t r i b u t a r i e s  o f  t h e  C hop tank  
R i v e r ,  M a ry la n d .  T h e s e  a d j a c e n t  t r i b u t a r i e s ,  B ro ad  C re e k  an d  t h e  T re d
9Avon R i v e r ,  h a v e  c o n s i s t e n t l y  had  l a r g e  (o n e  o r  two o r d e r s  o f  m a g n i tu d e )  
d i f f e r e n c e s  i n  s e t t l e m e n t ,  w i t h  B ro a d  C re e k  h a v in g  t h e  g r e a t e r  
s e t t l e m e n t  o f  l a r v a e  ( B o i c o u r t ,  1982 ; S e l i g e r  et a l . , 1 9 8 2 ) .  S e l i g e r  e t  
a l .  (1982)  c o n c lu d e d  t h a t  b o t to m  t o p o g r a p h y  a t  t h e  m ou th  o f  t h e  C h o p tan k  
R i v e r  c a u s e d  s u b d u c t i o n  o f  C h e s a p e a k e  Bay s u r f a c e  w a t e r  and  l a r v a e  
e n t e r i n g  t h e  C h o p ta n k .  The t w o - l a y e r  f lo w  p a t t e r n  moved t h e  l a r v a e  i n  
t h e  b o t to m  w a t e r  i n t o  t h e  two t r i b u t a r i e s .  The t w o - l a y e r  f l o w ,  
s t r o n g e r  and  m ore  d e f i n e d  i n  B ro a d  C reek  t h a n  t h a t  i n  t h e  T re d  Avon 
R i v e r ,  was b e l i e v e d  t o  e x p l a i n  t h e  o b s e r v e d  d i f f e r e n c e s  i n  l a r v a l  
s e t t l e m e n t  ( B o i c o u r t ,  1982 ;  S e l i g e r  et: a l . , 1 9 8 2 ) .
S e l i g e r  e t  a l .  (1982)  o b s e r v e d  d i f f e r e n c e s  i n  t h e  v e r t i c a l  
d i s t r i b u t i o n  o f  l a r v a e  i n  t h e  T re d  Avon R i v e r  and  B ro a d  C r e e k .  L a r v a e  
i n  t h e  T re d  Avon R i v e r  h a d  a  u n i f o r m  v e r t i c a l  d i s t r i b u t i o n ,  w h e r e a s  
l a r v a e  i n  B ro ad  C reek  w e r e  m ore  nu m ero u s  i n  b o t to m  w a t e r .  S e l i g e r  et^ 
a l .  (1982) a t t r i b u t e d  t h e s e  d i f f e r e n c e s  i n  l a r v a l  d i s t r i b u t i o n  t o  t h e  
m ore s t r a t i f i e d  w a t e r  co lum n i n  B ro a d  C reek  and t h e  m ore  w e l l - m ix e d  
w a t e r  co lum n i n  t h e  T re d  Avon R i v e r .
Andrews (1983) ex a m in ed  d a t a  c o l l e c t e d  by  Wood & H a r g i s  ( 1 9 7 1 ) ,  
b u t  n o t  r e p o r t e d  b y  th e m . Andrew s c o n c lu d e d  t h a t  o y s t e r  l a r v a e  d i d  n o t  
e x h i b i t  b e h a v i o r a l  p a t t e r n s  w h ic h  w o u ld  h a v e  m a i n t a i n e d  them  w i t h i n  t h e  
e s t u a r y  u n t i l  t h e y  r e a c h e d  t h e  umboned s t a g e .  Umboned l a r v a e ,  a c c o r d i n g  
t o  A ndrew s , moved i n t o  t h e  d e e p e r  w a t e r s  o f  t h e  e s t u a r y  and  w e r e  
t r a n s p o r t e d  i n  t h e  b o t to m  l a y e r  up  e s t u a r y  f l o w .  Andrews (1983) 
r e c o g n i z e d  low  d i s c h a r g e  " t r a p  t y p e "  e s t u a r i e s  s u c h  a s  t h e  C hop tank  
R i v e r  and  i t s  t r i b u t a r i e s  a n d  o p e n ,  " f l u s h i n g  t y p e "  e s t u a r i e s .  I n  a n  
open  e s t u a r y ,  l a r g e  p o p u l a t i o n s  o f  a d u l t  o y s t e r s  w e r e  n e c e s s a r y  t o  
p r o d u c e  en o u g h  l a r v a e  t o  o vercom e t h e  l o s s  o f  l a r v a e  f ro m  t h e  e s t u a r y
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(A ndrew s, 1 9 8 3 ) .  Andrews s u p p o s e d  t h a t  i n  o pen  e s t u a r i e s  w i t h  en o u g h  
l a r v a e ,  some r e m a in e d  and  r e c r u i t e d  i n t o  t h e  a d u l t ,  b e n t h i c  p o p u l a t i o n .
R u z e c k i  & H a r g i s  ( i n  p r e s s )  em ployed  a  h y d r a u l i c  s c a l e  m odel o f  
t h e  Jam es  R i v e r  e s t u a r y  t o  e x a m in e  e s t u a r i n e  c i r c u l a t i o n  and  l a r v a l  
t r a n s p o r t .  Dye was u s e d  t o  r e p r e s e n t  b r o o d s  o f  p a s s i v e l y  t r a n s p o r t e d  
l a r v a e .  S am p les  w e re  t a k e n  a f t e r  20 s i m u l a t e d  t i d a l  c y c l e s  (10 s i m u l a t e d  
d a y s )  and  c o n t i n u e d  f o r  an  a d d i t i o n a l  20 s i m u l a t e d  t i d a l  c y c l e s .  B ased  
on t h e i r  r e s u l t s ,  R u z e c k i  & H a r g i s  c o n c lu d e d  t h a t  l a r v a e  spaw ned  i n  many 
a r e a s  o f  t h e  Jam es  R i v e r  c o u ld  a r r i v e  a t  a r e a s  s u i t a b l e  f o r  s e t t l e m e n t  
a s  t h e y  r e a c h e d  t h e  p e d i v e l i g e r  s t a g e .
Kuo e t  a l .  ( i n  p r e s s )  a l s o  c o n c l u d e d ,  on t h e  b a s i s  o f  f i e l d  
s t u d i e s  i n  t h e  J a m e s ,  Y o rk ,  and  R a p p a h a n o ck  r i v e r s ,  V i r g i n i a ,  t h a t  
c i r c u l a t i o n  p a t t e r n s  w i t h i n  an  e s t u a r y  c a n  e x p l a i n  s e t t l e m e n t  p a t t e r n s  
o f  l a r v a e .  S a m p lin g  i n  t h i s  s t u d y  c o n s i s t e d  e n t i r e l y  o f  h y d r o g r a p h i c  
o b s e r v a t i o n s .  H i s t o r i c a l l y ,  much s m a l l e r  num bers  o f  l a r v a e  h a v e  
r e c r u i t e d  i n t o  t h e  R ap p ah an o ck  and  Y ork  r i v e r s  o f  V i r g i n i a  t h a n  i n t o  t h e  
Jam es  R i v e r .  Kuo et^ a l .  ( i n  p r e s s )  a t t r i b u t e d  t h e s e  d i f f e r e n c e s  t o  t h e  
d i f f e r e n t i a l  s t r e n g t h  o f  t h e  l o n g i t u d i n a l  s a l i n i t y  g r a d i e n t s  i n  t h e  
v a r i o u s  e s t u a r i e s .  S t r o n g  s a l i n i t y  g r a d i e n t s  in d u c e d  s t r o n g  u p - e s t u a r y  
t r a n s p o r t  o f  w a t e r  and l a r v a e  i n  t h e  Jam es  R i v e r .  Weak u p - e s t u a r y  
t r a n s p o r t  i n  t h e  Y ork  and  R a p p a h a n o ck  r i v e r s  r e s u l t e d  f ro m  t h e  weak 
s a l i n i t y  g r a d i e n t s  fo u n d  t h e r e .
A num ber o f  s t u d i e s  h a v e  b e e n  c o n d u c te d  t o  d i r e c t l y  d e t e r m i n e  
b e h a v i o r a l  r e s p o n s e s  o f  i n v e r t e b r a t e  l a r v a e  t o  v a r i o u s  e n v i r o n m e n t a l  
s t i m u l i .  The i n f l u e n c e  o f  l i g h t  on  l a r v a l  swimming b e h a v i o r  h a s  b e e n  
r e v i e w e d  by  T h o r s o n  (1964)  f o r  o v e r  140 s p e c i e s .  B ayne (1964) s t u d i e d  
t h e  r e s p o n s e s  o f  M y t i l u s  e d u l i s  l a r v a e  t o  b o t h  l i g h t  and  g r a v i t y .  The
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b e h a v i o r a l  r e s p o n s e s  o f  d e c a p o d  c r u s t a c e a n  l a r v a e  t o  l i g h t  ( S u l k i n ,
1973 ; 1 9 7 5 ) ,  g r a v i t y ,  h y d r o s t a t i c  p r e s s u r e  ( S u l k i n ,  e t  a l . ,  1 9 8 0 ) ,  and 
s a l i n i t y  ( R o b e r t s ,  1 9 6 9 ;  1971) h a v e  a l s o  b e e n  e x a m in e d .  C hanges i n  
h y d r o s t a t i c  p r e s s u r e  and  t h e  e f f e c t s  upon  l a r v a l  swimming b e h a v i o r  h a v e  
b e e n  e x a m in ed  i n  t h e  b i v a l v e s  M y t i l u s  e d u l i s  (B a y n e ,  1 9 6 3 ) ,  O s t r e a  
e d u l i s  (C rag g  & G r u f f y d d ,  1 9 7 5 ) ,  P e c t e n  maximus ( C ra g g ,  1 9 8 0 ) ,  and  
A r c t i c a  i s l a n d i c a  (Mann & W o lf ,  1 9 8 3 ) .
L a b o r a t o r y  s t u d i e s  e x a m in in g  t h e  e f f e c t s  o f  e n v i r o n m e n t a l  s t i m u l i  
on swimming b e h a v i o r  o f  C r a s s o s t r e a  v i r g i n i c a  l a r v a e  a r e  much l e s s  
num ero u s  t h a n  a r e  f i e l d  s t u d i e s  o f  l a r v a l  d i s t r i b u t i o n  i n  e s t u a r i e s .  
O y s t e r  l a r v a e  w e r e  d e t e r m i n e d  by  H a s k in  (1964 )  t o  e x h i b i t  b e h a v i o r a l  
c h a n g e s  d u e  t o  l i g h t  i n t e n s i t y  and  s p e c t r a l  q u a l i t y .  H a s k in  fo u n d  t h a t  
l a r v a l  swimming a c t i v i t y  was h i g h e s t  i n  y e l l o w - g r e e n  l i g h t ,  " s l i g h t l y  
r e d u c e d "  i n  b l u e  and  v i o l e t  l i g h t ,  an d  " s h a r p l y  r e d u c e d "  i n  r e d  l i g h t .  
K ennedy  & Van H eukelem  (1986) r e p o r t e d  t h a t  s m a l l  C r a s s o s t r e a  v i r g i n i c a  
l a r v a e  w e re  n e g a t i v e l y  g e o t a c t i c  i n  t h e  d a r k ,  b u t  t h a t  l a r g e  l a r v a e  w e re  
p o s i t i v e l y  g e o t a c t i c .  They fo u n d  no  c l e a r  e v i d e n c e  o f  l a r v a l  
s e n s i t i v i t y  t o  a n y  p a r t i c u l a r  w a v e l e n g t h  o r  i n t e n s i t y  o f  l i g h t .
The swimming b e h a v i o r  o f  o y s t e r  l a r v a e  i n  r e s p o n s e  t o  i n c r e a s i n g  
o r  d e c r e a s i n g  s a l i n i t y  was a l s o  e x a m in ed  b y  H a s k in  (1964) an d  K ennedy  & 
Van H eukelem  ( 1 9 8 6 ) .  H a s k in  r e p o r t e d  t h a t  m a t u r e  and  eyed  l a r v a e  c e a s e d  
swimming an d  s a n k  t o  t h e  b o t to m  o f  a  s h a l l o w  e x p e r i m e n t a l  cham ber  a s  
s a l i n i t y  was g r a d u a l l y  d e c r e a s e d .  L a r v a e  swam o f f  t h e  b o t to m  o f  t h e  
ch a m b e r  a s  s a l i n i t y  was g r a d u a l l y  i n c r e a s e d .  I n t e n s i t y  an d  w a v e l e n g t h  
o f  l i g h t  was r e p o r t e d  t o  h a v e  a  g r e a t  i n f l u e n c e  u p o n  t h e  s a l i n i t y  
r e a c t i o n  o f  t h e  l a r v a e  ( H a s k in ,  1 9 6 4 ) .  L a r v a e  swam upw ard  a s  s a l i n i t y  
was i n c r e a s e d ,  b u t  d i d  n o t  s i n k  w i t h  l o w e r  s a l i n i t y  u n d e r  some l i g h t
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r e g im e s  ( H a s k in ,  1 9 6 4 ) .  K ennedy  & Van H eukelem  (1986) r e p o r t e d  t h a t  a
d e c l i n e  i n  s a l i n i t y  b y  a s  l i t t l e  a s  0 . 4  ° / o o  c a u s e d  l a r v a e  w h ic h  w e re  
p r e v i o u s l y  g e o n e g a t i v e  t o  becom e g e o p o s i t i v e ;  h o w e v e r ,  s a l i n i t y  i n  t h e s e  
e x p e r i m e n t s  w a s ,  a s  o p p o s e d  t o  H a s k i n ' s  w o rk ,  a l t e r e d  b y  c o m p le te  
r e p l a c e m e n t  w i t h  w a t e r  o f  a  new s a l i n i t y .  They r e p o r t e d  no  
l i g h t / s a l i n i t y  i n t e r a c t i o n  a f f e c t i n g  swimming b e h a v i o r .  The s t u d y  
c o n c lu d e d  t h a t  C r a s s o s t r e a  v i r g i n i c a  l a r v a e  w e re  s u f f i c i e n t l y  s e n s i t i v e  
t o  s a l i n i t y  c h a n g e s  t o  e n a b l e  b e h a v i o r a l  r e g u l a t i o n  o f  e s t u a r i n e  
t r a n s p o r t  (Kennedy & Van H euke lem , 1 9 8 6 ) .
S a l i n i t y  s t r a t i f i c a t i o n  o f  t h e  w a t e r  co lum n an d  i t s  e f f e c t  upon  
h o l o -  and  m e r o p l a n k t o n  swimming b e h a v i o r  h a s  b e e n  ex am in ed  by  L a n c e  
( 1 9 6 2 ) ,  H a r d e r  ( 1 9 6 8 ) ,  an d  R o b e r t s  ( 1 9 7 1 ) .  T h e s e  i n v e s t i g a t o r s  
e s t a b l i s h e d  s a l i n i t y  d i s c o n t i n u i t i e s  i n  t h e  l a b o r a t o r y  and  fo u n d  t h a t  a 
w id e  r a n g e  o f  s t u d y  o r g a n i s m s  i n c l u d i n g  p r o t o z o a ,  p o l y c h a e t e s ,  m o l l u s c s ,  
c r u s t a c e a n s ,  and  l a r v a l  f i s h  a v o id e d  w a t e r  o f  r e d u c e d  s a l i n i t y .  The 
m a g n i tu d e  o f  t h e  d i s c o n t i n u i t y  n e c e s s a r y  t o  e l i c i t  a c t i v e  a v o id a n c e  
v a r i e d  g r e a t l y  b e tw e e n  s p e c i e s  (L a n c e ,  1962 ;  H a r d e r ,  1 9 6 8 ) .
The b e h a v i o r a l  r e a c t i o n  o f  l a r v a l  C r a s s o s t r e a  v i r g i n i c a  t o  s h a r p  
h a l o c l i n e s  i n  e s t u a r i e s  was n o t e d  b y  N e l s o n  (1 9 2 8 ,  1 9 3 1 ,  1 9 5 4 ) .  L a r v a e  
w e re  o b s e r v e d  t o  b e  c o n c e n t r a t e d  i n  t h e  r e g i o n  o f  m o s t  r a p i d  r i s e  o f  
s a l i n i t y  i n  t h e  h a l o c l i n e  ( N e ls o n ,  1 9 2 8 ) .  K ennedy  & Van H eukelem  (1986) 
r e p o r t e d  t h a t  u n d e r  c o n t r o l l e d  l a b o r a t o r y  c o n d i t i o n s  h o w e v e r  o y s t e r  
l a r v a e  o f  a l l  s i z e s  swam t h r o u g h  s a l i n i t y  an d  t e m p e r a t u r e
d i s c o n t i n u i t i e s  o f  5 ° / o o  and  5 °C . A b s o l u t e  s a l i n i t i e s  and  t e m p e r a t u r e s  
o f  t h e  w a t e r  w e re  n o t  r e p o r t e d  by  K ennedy  an d  Van H eukelem  ( 1 9 8 6 ) ,
The b e h a v i o r a l  r e a c t i o n s  o f  C r a s s o s t r e a  v i r g i n i c a  l a r v a e ,  c u l t u r e d
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i n  two d i f f e r e n t  s a l i n i t i e s  (23 a n d  2 9 ° / o o ) , t o  s a l i n i t y  d i s c o n t i n u i t i e s  
w e r e  s t u d i e d  b y  F e e n y  ( 1 9 8 4 ) .  L a r v a e  w e r e  i n t r o d u c e d  i n t o  w a t e r  co lum ns  
w h ic h  w e re  e i t h e r  u n s t r a t i f i e d  o r  c o n t a i n e d  a s  many a s  4 s a l i n i t y
d i s c o n t i n u i t i e s .  M a g n i tu d e  o f  t h e  d i s c o n t i n u i t i e s  was 6 ° / o o ;  t h e  l o w e s t
s a l i n i t y  w a t e r  was 1 7 ° / o o ,  t h e  h i g h e s t  was 4 1 ° / o o .  F e e n y  fo u n d  m ost
im m a tu re  l a r v a e  i n  t h e  2 9 ° / o o  s t r a t a  o f  t h e  s t r a t i f i e d  w a t e r  c o lu m n s ,  
r e g a r d l e s s  o f  t h e  c u l t u r e  s a l i n i t y .  I n  m o st  u n s t r a t i f i e d  c o lu m n s ,  t h e  
m a j o r i t y  o f  im m atu re  l a r v a e  w e r e  n e a r  t h e  b o t to m .  M a tu r e  l a r v a e  w e re  
m o st  a b u n d a n t  a t  t h e  b o t to m  o f  t h e  c o lum ns  i n  b o t h  s t r a t i f i e d  and  
u n s t r a t i f i e d  c o lu m n s .  The e f f e c t  o f  s a l i n i t y  on l a r v a l  d i s t r i b u t i o n  was 
m ore p r o n o u n c e d  i n  t h e  l i g h t  t h a n  i n  t h e  d a r k .  F e e n y  b e l i e v e d  t h a t  
s a l i n i t y  a l o n e  c o u ld  e x p l a i n  f i e l d  c o n c e n t r a t i o n s  o f  im m a tu re  l a r v a e  
a b o v e  h a l o c l i n e s .
I n v e r t e b r a t e  l a r v a e  may r e s p o n d  t o  e n v i r o n m e n t a l  s t i m u l i  by  
c h a n g e s  i n  swimming s p e e d  o r  d i r e c t i o n  (c h a n g e  f ro m  swimming t o  
s i n k i n g ) , e i t h e r  o f  w h ic h  m ig h t  b e  c o n s i d e r e d  t o  b e  a  m ore  s u b t l e  
r e s p o n s e  t h a n  g r o s s  d i s t r i b u t i o n a l  c h a n g e  o f  t h e  e n t i r e  p o p u l a t i o n .
T h e s e  c h a n g e s  may e v e n t u a l l y  l e a d  t o  d i s t r i b u t i o n a l  c h a n g e s .  B i v a l v e  
l a r v a e  w h ic h  h a v e  u n d e r g o n e  e x p e r i m e n t a l l y  p r o d u c e d  c h a n g e s  i n  
h y d r o s t a t i c  p r e s s u r e  e x h i b i t e d  m ark e d  d i f f e r e n c e s  i n  swimming s p e e d s  and  
d i r e c t i o n  (C rag g  & G r u f f y d d ,  1975 ;  C ra g g ,  1980 ; Mann & W o lf ,  1 9 8 3 ) .
T h e s e  s t u d i e s  fo u n d  t h a t  l a r v a e  t e n d e d  t o  swim upw ard  and  a t  a  h i g h e r  
v e l o c i t y  a t  i n c r e a s e d  p r e s s u r e s .  D e c r e a s e d  p r e s s u r e  r e s u l t e d  i n  an  
i n c r e a s e d  num ber o f  s i n k i n g  l a r v a e .
The c h a n g e  i n  swimming s p e e d  o f  C r a s s o s t r e a  v i r g i n i c a  l a r v a e  w i t h  
c h a n g e  i n  s a l i n i t y  a n d  t e m p e r a t u r e  h a s  b e e n  s t u d i e d  b y  H id u  & H a s k in
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(1978) an d  K ennedy  and  Van H euke lem  ( 1 9 8 6 ) .  I n c r e a s e d  t e m p e r a t u r e  
c a u s e d  swimming s p e e d s  o f  e a r l y  s t a g e  l a r v a e  t o  i n c r e a s e  g r e a t l y ,  b u t  
d i d  n o t  a f f e c t  t h e  s p e e d  o f  l a t e  s t a g e  l a r v a e  t o  t h e  same e x t e n t  (H id u  & 
H a s k i n ,  1 9 7 8 ) .  K ennedy  & Van H eukelem  (1986)  r e p o r t e d  t h a t  t e m p e r a t u r e  
d i d  n o t  a f f e c t  swimming b e h a v i o r ,  b u t  t h a t  swimming s p e e d  was a f f e c t e d  
b y  s a l i n i t y  c h a n g e .
E x a m in a t i o n  o f  m ech an ism s  f o r  w i t h i n  e s t u a r y  r e t e n t i o n  o f  l a r v a l  
C r a s s o s t r e a  v i r g i n i c a  h a s  c o n s i s t e d  o f  a  s m a l l  num ber  o f  f i e l d  s t u d i e s  
c o n c e r n e d  w i t h  d i r e c t  m e a s u re m e n t  o f  l a r v a l  d i s t r i b u t i o n s ,  an  e q u a l l y  
s m a l l  num ber  o f  e s t u a r i n e  c i r c u l a t i o n  s t u d i e s ,  a n d  a  v e r y  few  l a b o r a t o r y  
s t u d i e s  o f  l a r v a l  swimming b e h a v i o r .  Due t o  t h e  p a u c i t y  o f  i n f o r m a t i o n ,  
an y  r o l e  b e h a v i o r  m ig h t  p l a y  i n  e s t u a r i n e  r e t e n t i o n  o f  l a r v a e  r e m a in s  
u n c l e a r .  A d d i t i o n a l  e x p e r i m e n t a l  s t u d y  o f  l a r v a l  swimming b e h a v i o r  i s  
n e c e s s a r y  t o  d e t e r m i n e  t h e  o c c u r r e n c e  o f  an y  b e h a v i o r  w h ic h  c o u l d  h e l p  
m a i n t a i n  l a r v a e  w i t h i n  an  e s t u a r y .  S i n c e  a  num ber  o f  i n v e s t i g a t o r s  h a v e  
e i t h e r  i m p l i c i t l y  o r  e x p l i c i t l y  i d e n t i f i e d  s a l i n i t y  a s  a  p o s s i b l e  f a c t o r  
e l i c i t i n g  c h a n g e s  i n  l a r v a l  swimming b e h a v i o r ,  f u r t h e r  s t u d y  o f  i t s  
e f f e c t s  i s  w a r r a n t e d .  The s p e c i f i c  o b j e c t i v e s  o f  t h i s  t h e s i s ,  
t h e r e f o r e ,  a r e :  t o  e x a m in e  t h e  v e r t i c a l  d i s t r i b u t i o n s  o f  3 
s i z e / m o r p h o t y p e s  o f  C r a s s o s t r e a  v i r g i n i c a  l a r v a e  a c c l i m a t e d  t o  6 
s a l i n i t i e s ,  i n  t h e  p r e s e n c e  o f  s a l i n i t y  d i s c o n t i n u i t i e s  o f  2 m a g n i t u d e s ,  
and  t o  r e c o r d  swimming and  s i n k i n g  v e l o c i t i e s  o f  2 s i z e / m o r p h o t y p e s  o f  
l a r v a e  a c c l i m a t e d  t o  t h e  same 6 s a l i n i t i e s .
MATERIALS AND METHODS
Mass s p a w n in g s  o f  13 s e p a r a t e  g r o u p s  o f  a d u l t  C r a s s o s t r e a  
v i r g i n i c a  a t  t h e  VIMS o y s t e r  h a t c h e r y  b e tw e e n  May an d  D ecem ber 1987 
p r o v i d e d  s e p a r a t e ,  r e p l i c a t e  b r o o d s  o f  l a r v a e  u s e d  i n  a l l  e x p e r i m e n t s .  
The num ber o f  a d u l t  f e m a le s  p e r  g r o u p  w h ic h  spaw ned  r a n g e d  fro m  3 t o  23 , 
t h e  num ber o f  m a le s  was b e tw e e n  6 and  13. L a r v a e  from  e a c h  o f  t h e  
b r o o d s  u t i l i z e d  i n  t h e  e x p e r i m e n t s  s e t t l e d  an d  m e ta m o rp h o sed  i n t o  t h e  
s e s s i l e  fo rm .
T h r e e  s i z e / m o r p h o t y p e s  o f  l a r v a e  w e r e  ex a m in ed  u n d e r  e x p e r i m e n t a l  
c o n d i t i o n s :  s t r a i g h t - h i n g e ,  70 urn i n  s h e l l  h e i g h t ;  e a r l y  umboned l a r v a e ,  
130 um s h e l l  h e i g h t ;  and  l a t e  umboned l a r v a e ,  2.70 urn i n  s h e l l  l e n g t h .  
P e d i v e l i g e r  l a r v a e  w e re  n o t  e x a m in e d .
Swimming c h a m b e rs  c o n s t r u c t e d  f ro m  300  mm x  6 mm ( i n s i d e  d i a m e t e r )  
g l a s s  t u b e  w e re  e m p loyed  i n  t h e s e  e x p e r i m e n t s .  T ubes  o f  t h i s  d i a m e t e r  
w e r e  c h o s e n  a s  a  co m p ro m ise  b e tw e e n  c h a m b e r  v o lu m e  and  r e l a t e d  w a l l  d r a g  
( W in e t ,  1 9 7 3 ) ,  o p t i c a l  p r o b le m s  a s s o c i a t e d  w i t h  c u r v a t u r e  o f  t h e  g l a s s  
t u b e s ,  and  d e p t h - o f - f i e l d  l i m i t a t i o n s  due  t o  m i c r o s c o p i c  m a g n i f i c a t i o n  
(Campos, 1 9 8 8 ) .  The c h a m b e rs  w e re  s u s p e n d e d  v e r t i c a l l y ,  w i t h  t h e  l o w e r  
end  c l o s e d  b y  a  s i l i c o n e  s t o p p e r  ( F i g .  1 ) .
F o r  e x p e r i m e n t s  i n v o l v i n g  s a l i n i t y  d i s c o n t i n u i t i e s  an d  f o r  
s w im m in g /s in k in g  s p e e d  e x p e r i m e n t s ,  a  s t e p w i s e  s a l i n i t y  a c c l i m a t i o n  
p r o c e s s  was p e r f o r m e d .  L a r v a e  w e re  c u l t u r e d  i n  1 .5  L g l a s s  j a r s  i n  t h e  
l a b o r a t o r y  d u r i n g  t h e  a c c l i m a t i o n  p r o c e s s .  The i n i t i a l  g r o u p  o f  l a r v a e
FIGURE 1 MICROSCOPE AND SWIMMING CHAMBER ARRANGEMENT*
L a r v a e  w e r e  m a i n t a i n e d  i n  t h e  g l a s s  c h a m b e r  (1 )  h e l d  
v e r t i c a l l y  on a  r a c k  (2 )  an d  w e re  o b s e r v e d  t h r o u g h  a 
d i s s e c t i n g  s t e r e o m i c r o s c o p e  (3) w h ic h  c o u l d  b e  moved i n  
b o t h  t h e  h o r i z o n t a l  an d  v e r t i c a l  p l a n e s .  I l l u m i n a t i o n  was 
p r o v i d e d  by  a  lam p a t t a c h e d  t o  t h e  m ic r o s c o p e .  D e p th  o f  
f i e l d  c o u l d  b e  r e g u l a t e d  by  a d j u s t i n g  t h e  h o r i z o n t a l  
p o s i t i o n  o f  t h e  m ic r o s c o p e  i n  c o n j u n c t i o n  w i t h  c h a n g e s  i n  
t h e  zoom m a g n i f i c a t i o n .  N ot t o  s c a l e .
* a f t e r  Campos (1988)
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o b t a i n e d  f rom  t h e  h a t c h e r y  was s u b - d i v i d e d  and  t h e  l a r v a l  c u l t u r e  w a t e r
c h a n g e d  b y  + / - 2 . 5 ° / o o  e v e r y  12 h o u r s  u n t i l  6 f i n a l  a c c l i m a t i o n
s a l i n i t i e s  (5* 10 ,  15 ,  2 0 ,  25 ,  an d  3 0 ° / o o )  w e re  r e a c h e d  ( F i g .  2 ) .
L a r v a l  c u l t u r e  w a t e r  was f i l t e r e d  t h r o u g h  sa n d  and  a c t i v a t e d  c h a r c o a l .  
S a l i n i t y  was a l t e r e d  b y  t h e  a d d i t i o n  o f  I n s t a n t  O cean s a l t s  o r  t h r o u g h  
d i l u t i o n  w i t h  d i s t i l l e d  w a t e r .  W a te r  i n  a l l  c u l t u r e  j a r s  was c h a n g e d  
t h r o u g h o u t  t h e  a c c l i m a t i o n  p r o c e s s ,  e v e n  i f  some c u l t u r e s  w e r e  a l r e a d y  
a t  a  f i n a l  a c c l i m a t i o n  s a l i n i t y .  T h i s  i n s u r e d  t h a t  a l l  l a r v a e  r e c e i v e d  
an  e q u a l  am ount o f  h a n d l i n g .  L a r v a e  w e r e  h e l d  i n  t h e  f i n a l  a c c l i m a t i o n  
s a l i n i t i e s  f o r  a t  l e a s t  12 h o u r s  b e f o r e  e x p e r i m e n t a t i o n .
M ix t u r e s  o f  a l g a e ,  e q u a l  p a r t s  o f  M o n o c h ry s i s  l u t h e r i  and  
I s o c h r y s i s  g a l b a n a  o r  M, l u t h e r i  an d  I s o c h r y s i s  a f f .  g a l b a n a  ( c l o n e  T— 
IS O ) ,  w e re  ad d ed  t o  t h e  l a r v a l  c u l t u r e s  a t  e a c h  w a t e r  c h a n g e .  
C o n c e n t r a t i o n s  o f  a l g a e  r a n g e d  f ro m  2 0 0 ,0 0 0  c e l l s / m L  f o r  s t r a i g h t - h i n g e d  
l a r v a e ,  t o  3 0 0 ,0 0 0  c e l l s / m L  i n  e a r l y - u m b o n e d  l a r v a l  c u l t u r e s ,  t o  4 0 0 ,0 0 0  
c e l l s / m L  f o r  l a t e  umboned l a r v a e  ( a f t e r  R hodes & L a n d e r s ,  1973 ; E w a r t  & 
E p i f a n i o ,  1 9 8 1 ) .  The s a l i n i t y  o f  t h e  a l g a l  s u s p e n s i o n  was a d j u s t e d  t o  
m a tc h  t h a t  o f  t h e  l a r v a l  c u l t u r e  b e f o r e  a d d i t i o n  o f  t h e  a l g a e  t o  t h e  
l a r v a l  c u l t u r e .
An i n i t i a l  e x p e r i m e n t  ex a m in ed  l a r v a l  d i s t r i b u t i o n  w i t h i n  t h e  
swimming c h a m b e rs  u n d e r  l i g h t e d  c o n d i t i o n s  v e r s u s  l a r v a l  d i s t r i b u t i o n  i n  
d a r k n e s s .  E ach  l a r v a l  s i z e / m o r p h o t y p e  was o b s e r v e d  i n  a  s e p a r a t e  
swimming c h a m b e r .  L a r v a e  w e re  h e l d  i n  t h e  l a b o r a t o r y  f o r  24 h o u r s  
b e f o r e  t h e  e x p e r i m e n t s  w e r e  c o n d u c t e d .  A l l  c u l t u r e s  w e r e  f e d  a  m i x t u r e  
o f  e q u a l  p a r t s  I s o c h r y s i s  g a l b a n a  an d  M o n o c h ry s i s  l u t h e r i  d u r i n g  t h e  
h o l d i n g  p e r i o d .  L a r v a e  i n  t h i s  e x p e r i m e n t  u n d e rw e n t  n o  s a l i n i t y
FIGURE 2 ACCLIMATION PROCEDURE AND SALINITIES 
EXAMPLES OF TREATMENTS
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a c c l i m a t i o n  p r o c e s s .
A f t e r  24 h o u r s  i n  t h e  l a b o r a t o r y ,  a p p r o x i m a t e l y  on e  h a l f  o f  t h e
swimming l a r v a e  w e r e  s ip h o n e d  o u t  o f  e a c h  c u l t u r e  j a r ,  r e t a i n e d  on a
N i t e x  n y l o n  mesh s i e v e ,  and  r i n s e d  i n t o  20 mL j a r s .  M ost l a r v a e  w e r e  
o b s e r v e d  swimming w i t h i n  a  few  m i n u t e s ,  i f  n o t  i m m e d i a t e l y  a f t e r  t h e i r  
a d d i t i o n  t o  t h e  20 mL j a r s .  L a r v a e  w e re  h e l d  i n  t h e  j a r s  f o r  1 h o u r .  A
f r a c t i o n  o f  t h e  swimming l a r v a e  i n  t h e  20 mL j a r s  was u s e d  i n  t h e
e x p e r i m e n t s .
The l i g h t  t r e a t m e n t  c o n s i s t e d  o f  f l u o r e s c e n t  c e i l i n g  l i g h t s  (10 
2
m i c r o e i n s t e i n s / m  / s )  a s  t h e  l i g h t  s o u r c e .  O b s e r v a t i o n s  w e r e  made u s i n g  
a  t r a v e l l i n g  m ic r o s c o p e  ( a f t e r  Mann & W o lf ,  1 9 8 3 ) .  The f i e l d  o f  v ie w  o f  
t h i s  m ic r o s c o p e  c o u l d  b e  moved a c r o s s  t h e  e n t i r e  v e r t i c a l  l e n g t h  o f  t h e  
swimming c h a m b e rs  ( F i g .  1 ) .  L a r v a l  d i s t r i b u t i o n s  i n  t h e  c h a m b e rs  w e re  
d e t e r m i n e d  b y  c o u n t i n g  t h e  num ber  o f  l a r v a e  p e r  c e n t i m e t e r  o v e r  t h e  
h e i g h t  o f  t h e  c h a m b e r s .  C o u n ts  w e re  made 3 0 ,  6 0 ,  and  120 m i n u t e s  a f t e r  
t h e  l a r v a e  w e r e  p u t  i n t o  t h e  swimming c h a m b e rs .
S a l i n i t y  o f  t h e  w a t e r  was i d e n t i c a l  ( 1 6 . 5 ° / o o )  b e tw e e n  c h a m b e r s ,  
hom ogenous w i t h i n  e a c h  c h a m b e r ,  and was e q u a l  t o  t h e  s a l i n i t y  o f  t h e  
h a t c h e r y  w a t e r  i n  w h ic h  t h e  l a r v a e  w e re  c u l t u r e d .  The c h a m b e rs  w e re  
h a l f  f i l l e d  w i t h  w a t e r  t o  a  h e i g h t  o f  11 cm, t h e  l a r v a e  a d d e d ,  and t h e  
c h a m b e rs  f i l l e d  w i t h  w a t e r  t o  a  h e i g h t  o f  22 cm. W a te r  i n  t h e  b o t to m  
h a l f  o f  t h e  ch am b er  was a d d e d  by  s y r i n g e  t h r o u g h  t h e  s t o p p e r ;  l a r v a e  and  
w a t e r  i n  t h e  t o p  h a l f  o f  t h e  c h a m b e r  w e re  s l o w l y  i n t r o d u c e d  u s i n g  a 
p i p e t t e .  A d u p l i c a t e  o f  e a c h  c h a m b e r  was e s t a b l i s h e d  u s i n g  l a r v a e  from  
t h e  same s p a w n in g .
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T h i s  e x p e r i m e n t  was r e p e a t e d  i n  d a r k n e s s .  The r e m a in i n g  swimming 
l a r v a e  i n  t h e  1 .5  L c u l t u r e  j a r s  w e r e  s ip h o n e d  o f f  and  r i n s e d  i n t o  20 mL 
j a r s  w h e re  t h e y  w e re  h e l d  f o r  1 h o u r .  L a r v a e  on t h e  b o t to m  o f  t h e  
c u l t u r e  j a r s  w e r e  d i s c a r d e d .  The swimming c h a m b e rs  w e r e  s e t - u p  i n  t h e  
l i g h t .  A f t e r  l a r v a e  had  b e e n  a d d e d  t o  a l l  t h e  c h a m b e r s 9 t h e  l i g h t s  w e r e  
t u r n e d  o f f .  C o u n ts  w e re  made u n d e r  r e d  l i g h t  a f t e r  3 0 ,  6 0 ,  and  120 
m in u t e s  o f  d a r k n e s s .
C o m p a r iso n  o f  l a r v a l  v e r t i c a l  d i s t r i b u t i o n s  among t r e a t m e n t s  was 
c o n d u c te d  u s i n g  a  l o g  l i k e l i h o o d  r a t i o  t e s t  (G t e s t )  (S o k a l  & R o h l f ,  
1 9 8 1 ) .  C o m p u ta t io n s  w e r e  made u s i n g  t h e  SPSSx s t a t i s t i c a l  p a c k a g e  on 
t h e  VIMS P r im e  c o m p u te r .
The r e a c t i o n  o f  l a r v a e  t o  s a l i n i t y  d i s c o n t i n u i t i e s  was ex am in ed  
f o r  e a c h  s i z e / m o r p h o t y p e .  Two s e r i e s  o f  e x p e r i m e n t s  w e re  c o n d u c t e d ;  on e
i n v o l v e d  d i s c o n t i n u i t i e s  o f  5 ° / o o  m a g n i tu d e ,  and  t h e  s e c o n d  c o n s i s t e d  o f
2 . 5 ° / o o  m a g n i tu d e  d i s c o n t i n u i t i e s .  P r e l i m i n a r y  o b s e r v a t i o n  u s i n g  dyed  
w a t e r  i n d i c a t e d  t h a t  d i s c o n t i n u i t i e s  o f  t h i s  m a g n i tu d e  w e re  p e r s i s t e n t  
f o r  l o n g e r  t h a n  24 h o u r s .
A f t e r  t h e  s a l i n i t y  a c c l i m a t i o n  p r o c e s s  p r e v i o u s l y  d e s c r i b e d ,  t h e  
l a r v a e  w e re  p l a c e d  i n t o  20 mL j a r s  a s  i n  t h e  l i g h t / d a r k  e x p e r i m e n t .
T h r e e  g r o u p s  o f  l a r v a e  w e r e  t a k e n  f rom  e a c h  a c c l i m a t i o n  s a l i n i t y .  E a c h  
g ro u p  was a d d e d  t o  a  swimming c h a m b e r  w h ic h ,  u p o n  f i l l i n g ,  c o n t a i n e d  
e i t h e r  a  hom ogenous co lum n o f  w a t e r  a t  t h e  a c c l i m a t i o n  s a l i n i t y  ( c o n t r o l  
t r e a t m e n t ) ,  a  l a y e r  o f  w a t e r  a t  a c c l i m a t i o n  s a l i n i t y  b e n e a t h  l e s s  s a l i n e  
w a t e r ,  o r  a  l a y e r  o f  w a t e r  a t  a c c l i m a t i o n  s a l i n i t y  o v e r  m ore  s a l i n e  
w a t e r .  L a r v a e  w e re  i n t r o d u c e d  i n t o  t h e  l a y e r  o f  w a t e r  a t  a c c l i m a t i o n  
s a l i n i t y .  I n  t h e  c a s e  o f  t h e  c o n t r o l  co lu m n , t h e  l a r v a e  w e r e  i n t r o d u c e d
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i n t o  t h e  m id d l e  o f  t h e  c h a m b e r .  E ach  o f  t h e s e  s e p a r a t e  t r e a t m e n t s  was 
r e p l i c a t e d  u s i n g  l a r v a e  f rom  s e p a r a t e  b r o o d s  f o r  e a c h  r e p l i c a t e .  C o u n ts  
w e re  made a f t e r  30 m i n u t e s  a s  i n  t h e  l i g h t / d a r k  e x p e r i m e n t .
S t r a i g h t - h i n g e d  l a r v a e  w e r e  o n l y  a c c l i m a t e d  t o  2 o r  3 s a l i n i t i e s  
b e f o r e  e x p e r i m e n t a t i o n .  The a c c l i m a t i o n  p r o c e s s  r e q u i r e d  a  c o n s i d e r a b l e  
am ount o f  t im e  an d  t h e r e f o r e  l a r v a e  o u tg re w  t h e  s t r a i g h t - h i n g e  s t a g e  
b e f o r e  t h e y  c o u l d  b e  a c c l i m a t e d  t o  t h e  f u l l  r a n g e  o f  s a l i n i t i e s .  
P e r c e n t a g e  d i s t r i b u t i o n s  o f  l a r v a e  w e re  c om pared  g r a p h i c a l l y .  G t e s t s  
(S o k a l  & R o h l f ,  1981) w e r e  u s e d  a s  a  t e s t  f o r  d i f f e r e n c e s  i n  l a r v a l  
d i s t r i b u t i o n s  b e tw e e n  c o n t r o l  an d  t e s t  c h a m b e rs  w i t h i n  s i n g l e  
a c c l i m a t i o n  s a l i n i t i e s .
I n  a  s e p a r a t e  s e r i e s  o f  e x p e r i m e n t s ,  t h e  swimming and  s i n k i n g  
v e l o c i t i e s  o f  s t r a i g h t - h i n g e  an d  e a r l y  umboned l a r v a e  w e re  d e t e r m i n e d  i n  
c h a m b e rs  w i t h o u t  s a l i n i t y  d i s c o n t i n u i t i e s .  Swimming was d e f i n e d  a s  
upw ard  movement an d  s i n k i n g  a s  downward m ovem ent. S t r a i g h t  h i n g e d
l a r v a e  w e re  a c c l i m a t e d  t o  w a t e r  o f  1 5 ,  2 0 ,  a n d  2 5 ° / o o  s a l i n i t y .  E a r l y  
umboned l a r v a e  w e r e  o b s e r v e d  i n  a l l  6 a c c l i m a t i o n  s a l i n i t i e s .  The 
a c c l i m a t i o n  p r o c e s s  was i d e n t i c a l  t o  t h a t  u s e d  i n  t h e  s a l i n i t y  
d i s c o n t i n u i t y  e x p e r i m e n t s .  O b s e r v a t i o n  o f  l a t e  umboned l a r v a e  i n d i c a t e d  
t h a t  t h e  d i a m e t e r s  o f  t h e  swimming p a t h s  o f  t h o s e  l a r v a e  w e re  t o o  l a r g e  
f o r  t h e  swimming c h a m b e rs  and  t h a t  w a l l  d r a g  i n f l u e n c e d  t h e  swimming 
v e l o c i t i e s  o f  t h o s e  l a r v a e .  L a t e  umboned l a r v a e  w e re  n o t  e x a m in ed  i n  
t h e  swimming v e l o c i t y  a n a l y s i s  b e c a u s e  o f  t h i s  p r o b le m .  W h ile  t h i s  e d g e  
e f f e c t  was n o t  c o n s i d e r e d  p a r t i c u l a r l y  i m p o r t a n t  i n  i n f l u e n c i n g  l a r v a l  
d i s t r i b u t i o n s  i n  t h e  d i s c o n t i n u i t y  e x p e r i m e n t s ,  t h e  r e s u l t s  o f  t h e  
swimming v e l o c i t y  e x p e r i m e n t s  w o u ld  h a v e  b e e n  a f f e c t e d  ( s e e  W in e t ,
1 9 7 3 ) .
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A d d i t i o n  o f  t h e  l a r v a e  t o  t h e  swimming c h a m b e rs  was b y  t h e  same 
p r o c e d u r e  a s  i n  t h e  l i g h t / d a r k  e x p e r i m e n t .  Once t h e  l a r v a e  w e r e  w i t h i n  
a  swimming c h a m b e r ,  t h e  movement o f  an  i n d i v i d u a l  l a r v a  was f o l l o w e d  
u s i n g  t h e  t r a v e l l i n g  m ic r o s c o p e  f o r  up t o  140 s e c o n d s .  T h i s  was 
a c c o m p l i s h e d  b y  a lw a y s  m a i n t a i n i n g  a  l a r v a  i n  one  h o r i z o n t a l  p l a n e  o f  
t h e  m i c r o s c o p e ' s  f i e l d  o f  v i e w ,  r e g a r d l e s s  o f  t h e  l a r v a ' s  movement i n  
t h e  c h a m b e r .  T h i s  p l a n e  was d e m a r c a te d  b y  an  o c u l a r  r e t i c l e  i n  t h e  
m i c r o s c o p e .  The movement o f  t h e  m ic r o s c o p e  h e a d ,  and  t h e r e f o r e  t h e  
movement o f  a  l a r v a ,  was r e c o r d e d  on a  s t r i p  c h a r t  r e c o r d e r .  A t e n - t u r n  
p o t e n t i o m e t e r  was c o n n e c t e d  t o  t h e  m ic r o s c o p e  an d  a s  a  h a n d  c r a n k  moved 
t h e  m ic r o s c o p e  h e a d ,  t h e  p o t e n t i o m e t e r  a l s o  t u r n e d .  The c u r r e n t  f lo w  
f ro m  a  b a t t e r y  t o  t h e  s t r i p  c h a r t  r e c o r d e r  l i k e w i s e  c h a n g e d  an d  moved 
t h e  p e n  o f  t h e  r e c o r d e r  (Mann & W o lf ,  1 9 8 3 ) .  The m ovem ents o f  a s  many 
a s  48 l a r v a e  o f  o n e  s i z e  and  a c c l i m a t i o n  s a l i n i t y  w e re  r e c o r d e d  i n  t h i s  
m an n e r .
The s t r i p  c h a r t  r e c o r d s  w e r e  d i g i t i z e d  u s i n g  a  Num onics 1224 
e l e c t r o n i c  d i g i t i z e r .  A v e ra g e  an d  maximum v e r t i c a l  swimming and  s i n k i n g  
v e l o c i t i e s  o f  e a c h  l a r v a  w e r e  c a l c u l a t e d .  One way a n a l y s i s  o f  v a r i a n c e  
t e s t s  w e re  c o n d u c te d  a l o n g  w i t h  S tu d e n t - N e u m a n - K e u ls  m u l t i p l e  r a n g e  
t e s t s  t o  i n d i v i d u a l l y  c o m p a re  t h e  c a l c u l a t e d  v a l u e s  f o r  e a c h  s e p a r a t e  
l a r v a l  s i z e / m o r p h o t y p e  o v e r  t h e  r a n g e  o f  a c c l i m a t i o n  s a l i n i t i e s .  When a  
C o c h r a n 's  C t e s t  i n d i c a t e d  t h a t  v a r i a n c e  o f  r e c o r d e d  v e l o c i t i e s  was 
h e t e r o g e n e o u s  among s a l i n i t i e s ,  a  K r u s k a l  W a l l i s  on e -w ay  ANOVA r e p l a c e d  
t h e  n o rm a l  ANOVA t e s t  (S o k a l  & R o h l f ,  1 9 8 1 ) .  A D u n n 's  A p p r o x im a t io n  
f o l l o w e d  e a c h  K r u s k a l - W a l l i s  t e s t  a s  a  m u l t i p l e  c o m p a r i s o n  t e s t  ( S o k a l  & 
R o h l f ,  1 9 8 1 ) .
RESULTS
E f f e c t  o f  L i g h t  on V e r t i c a l  D i s t r i b u t i o n
I n  t h e  l i g h t / d a r k  e x p e r i m e n t ,  t h e  m a j o r i t y  o f  l a r v a e  o f  a l l  t h r e e  
s i z e / m o r p h o t y p e s  swam i n t o  t h e  t o p  p o r t i o n  o f  t h e  swimming c h a m b e rs  
r e g a r d l e s s  o f  t h e  l i g h t i n g  c o n d i t i o n s  ( F i g .  3 ) .  M ost l a r v a e  w e re  
p r e s e n t  i n  t h e  t o p  p o r t i o n  o f  t h e  c h a m b e rs  t h r o u g h o u t  t h e  tw o h o u r  
e x p e r i m e n t  an d  d i s t r i b u t i o n s  o f  l a r v a e  w e re  s i m i l a r  b e tw e e n  r e p l i c a t e  
c h a m b e r s .  S t r a i g h t  h i n g e  l a r v a e  had  n e a r l y  i d e n t i c a l  d i s t r i b u t i o n s  
u n d e r  b o t h  l i g h t  an d  d a r k  c o n d i t i o n s .  S l i g h t l y  o v e r  86% o f  t h e  t o t a l  
num ber  o f  s t r a i g h t  h i n g e  l a r v a e  w e r e  i n  t h e  u p p e r  p o r t i o n  o f  t h e  
c h a m b e rs  i n  t h e  l i g h t  w h i l e  84.0% o f  t h e  l a r v a e  w e re  a t  t h e  t o p  i n  t h e  
d a r k  ( F i g .  3 ) .
A v e ra g e  d i s t r i b u t i o n  o f  e a r l y  umboned l a r v a e  i n  t h e  l i g h t  had  
83.3% o f  t h e  l a r v a e  i n  t h e  t o p  o f  t h e  c h a m b e r .  I n  t h e  d a r k ,  81.0% o f  
t h e  l a r v a e  w e r e  i n  t h e  t o p  s e c t i o n  ( F i g .  3 ) .  D i s t r i b u t i o n s  o f  eyed  
l a r v a e  d i f f e r e d  m ore b e tw e e n  t r e a t m e n t s  t h a n  d i d  d i s t r i b u t i o n s  o f  o t h e r  
m o rp h o ty p e s  o f  l a r v a e .  An a v e r a g e  o f  74.7% o f  e y ed  l a r v a e  w e r e  a t  t h e
t o p  o f  t h e  swimming ch a m b e r  i n  t h e  l i g h t  and  84.8% w e re  a t  t h e  t o p  o f
t h e  c h a m b e r  i n  t h e  d a r k  ( F i g .  3 ) .
A n a l y s i s  o f  t h e  l a r v a l  d i s t r i b u t i o n s  u s i n g  a  G t e s t  i n d i c a t e d  a
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s i g n i f i c a n t  d i f f e r e n c e  (G t e s t :  p = 0 .0 1 3 8 ,  X = 1 4 .3 )  i n  d i s t r i b u t i o n s  
among t r e a t m e n t s .  F o u r -w a y  i n t e r a c t i o n s  i n v o l v i n g  t h e  p o s i t i o n  o f  
l a r v a e  i n  t h e  c h a m b e rs  a r e  p r e s e n t e d  i n  T a b le  1 . S i g n i f i c a n t
FIGURE 3 LARVAL DISTRIBUTIONS IN THE LIGHT/DARK EXPERIMENT
D i s t r i b u t i o n s  a r e  t h e  mean o f  l a r v a l  d i s t r i b u t i o n s  
o b s e r v e d  a f t e r  3 0 ,  6 0 ,  an d  120 m in u t e s
TOP i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  t o p  10 
c e n t i m e t e r s  o f  t h e  t u b e
ABOVE i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
a b o v e  t h e  p o i n t  a t  w h ic h  t h e  l a r v a e  w e re  a d d e d  t o  
t h e  t u b e
BELOW i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
b e lo w  t h e  p o i n t  a t  w h ic h  t h e  l a r v a e  w e re  a d d e d  t o  
t h e  t u b e
BOTTOM i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  
b o t to m  10 c e n t i m e t e r s  o f  t h e  t u b e
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BOTTOM
TOP
ABOVE
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TOP
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TABLE 1 G (LOG LIKELIHOOD RATIO) TEST COMPARISONS OF STRAIGHT
HINGE, EARLY UMBONED, AND EYED LARVAL DISTRIBUTIONS IN THE 
LIGHT DARK EXPERIMENT; FOUR-WAY INTERACTIONS INVOLVING 
DISTRIBUTIONAL (LEVEL) CHANGES
E f f e c t
L i g h t * S t a g e * D u p l i c a t e * L e v e l  
L i g h t* S ta g e * C o u n t * L e v e l  
L i g h t * D u p l i c a t e * C o u n t * L e v e l  
S t a g e * D u p l i c a t e * C o u n t * L e v e l
P a r t i a l  X' 
9 . 8  
AO.2 
1 5 .7  
1 7 .6
P r o b a b i l i t y  
0 .1 3 1 5  
0 .0001  
0 .0 1 5  A 
0 .128A
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i n t e r a c t i o n s  a r e  a p p a r e n t  when t h e  v a r i a b l e  c o u n t  ( t im e  o f  o b s e r v a t i o n )  
i s  i n c l u d e d  i n  t h e  a n a l y s i s .  L a r v a l  d i s t r i b u t i o n s  w e r e  s i g n i f i c a n t l y  
d i f f e r e n t  o v e r  t im e  a l t h o u g h  v i s u a l  i n s p e c t i o n  r e v e a l e d  a s i m i l a r i t y  
among d i s t r i b u t i o n s  i n  t h a t  t h e  m a j o r i t y  o f  l a r v a e  w e re  i n  t h e  t o p  
p o r t i o n  o f  t h e  c h a m b e rs  ( F i g .  3 ) .  S i n c e  l i g h t  h a d  l i t t l e  a p p a r e n t  
e f f e c t  upon  v e r t i c a l  d i s t r i b u t i o n s  o f  t h e  l a r v a e s a l l  s u b s e q u e n t  
e x p e r i m e n t s  w e re  c o n d u c te d  i n  t h e  l i g h t .
R e s p o n s e s  t o  S a l i n i t y  D i s c o n t i n u i t i e s
S t a t i s t i c a l  a n a l y s i s  (G t e s t s )  o f  t h e  s a l i n i t y  d i s c o n t i n u i t y  
e x p e r i m e n t s  was h a m p e re d  b y  t h e  same p ro b le m  a s  was e x p e r i e n c e d  i n  t h e  
l i g h t / d a r k  e x p e r i m e n t .  S l i g h t  v a r i a t i o n  i n  l a r v a l  d i s t r i b u t i o n  b e tw e e n  
two t r e a t m e n t s  was o f t e n  s t a t i s t i c a l l y  s i g n i f i c a n t ,  w h e r e a s  v i s u a l  
c o m p a r i s o n  o f  t h o s e  d i s t r i b u t i o n s  r e v e a l e d  o n l y  a  s m a l l  p e r c e n t a g e  
d i f f e r e n c e ,  p e r h a p s  i n  o n l y  two l e v e l s  i n  a  c h a m b e r .  I n  m ost  c a s e s ,  
d i f f e r e n c e s  i n  l a r v a l  d i s t r i b u t i o n s  among t r e a t m e n t s  w e r e  e i t h e r  v e r y  
s m a l l  o r  q u i t e  l a r g e  an d  o b v i o u s .  When e x a m in in g  t h e  b e h a v i o r a l  
r e s p o n s e s  o f  t h e s e  a n i m a l s  t o  s a l i n i t y  d i s c o n t i n u i t i e s ,  a  s m a l l  
p e r c e n t a g e  d i f f e r e n c e  i n  d i s t r i b u t i o n  among some t r e a t m e n t s  m ig h t  b e  
r e g a r d e d  a s  u n i m p o r t a n t ,  e s p e c i a l l y  c o n s i d e r i n g  t h e  l a r g e  d i s t r i b u t i o n a l  
d i f f e r e n c e s  among o t h e r  t r e a t m e n t s .  The r e s u l t s  o f  G t e s t s  a r e  r e p o r t e d  
w i t h  t h e  l i m i t a t i o n s  o f  t h e  t e s t  r e c o g n i z e d .  H i s to g r a m s  o f  l a r v a l  
d i s t r i b u t i o n s  an d  p e r c e n t  d i f f e r e n c e s  b e tw e e n  c o n t r o l  an d  t e s t  
t r e a t m e n t s  a r e  a l s o  p r e s e n t e d .
S t r a i g h t - h i n g e  l a r v a e ,  a c c l i m a t e d  t o  b o t h  20 an d  2 5 ° / o o  s a l i n i t y  
w a t e r ,  c o n c e n t r a t e d  i n  t h e  u p p e r  p o r t i o n  o f  c o n t r o l  swimming c h a m b e rs .  
M ost o f  t h e  l a r v a e  w e re  a t  t h e  v e r y  t o p  o f  t h e  w a t e r  c o lu m n ,  a g a i n s t  t h e
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a i r - w a t e r  i n t e r f a c e .  The a v e r a g e  d i s t r i b u t i o n  o f  l a r v a e  a c c l i m a t e d  t o
2 0 ° / o o  h a d  77.0% o f  l a r v a e  i n  t h e  t o p  p o r t i o n  o f  t h e  c h a m b e r  (SD =1.4)
( F i g .  4 ) .  The a v e r a g e  d i s t r i b u t i o n  o f  2 5 ° / o o  a c c l i m a t e d  l a r v a e  h a d  
70.5% o f  t h e  l a r v a e  i n  t h e  u p p e r  p o r t i o n  o f  t h e  c h a m b e r  (SD =16.3)
( F i g .  5 ) .  The a v e r a g e  d i s t r i b u t i o n  o f  l a r v a e  i n  t r e a t m e n t s  2 0 / 2 5 ° / o o
( a c c l i m a t i o n  s a l i n i t y  2 0 ° / o o )  an d  2 5 / 3 0 ° / o o  ( a c c l i m a t i o n  s a l i n i t y
2 5 ° / o o )  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  from  t h a t  i n  t h e i r  c o n t r o l s  (G
2 2 t e s t :  p > 0 .0 5 ,  X = 1 .3 ;  G t e s t :  p > 0 .0 5 ,  X = 6 .7 ;  r e s p e c t i v e l y )  ( F i g s .  4 ,
5 ) .  The m a j o r i t y  o f  l a r v a e  w e r e  a g a i n  l o c a t e d  n e a r  o r  a g a i n s t  t h e  a i r -
w a t e r  i n t e r f a c e .  The a v e r a g e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  t o p  p o r t i o n  o f
t h e s e  t r e a t m e n t s  was 78.0% (SD = 2.8)  i n  t h e  2 0 / 2 5 ° / o o  c h a m b e r  a n d  63.8%
(SD = 22.4)  i n  t h e  2 5 / 3 0 ° / o o  c h a m b e r .
The a v e r a g e  s t r a i g h t  h i n g e  l a r v a l  d i s t r i b u t i o n  i n  t h e  1 5 / 2 0 ° / o o
t r e a t m e n t  ( 2 0 ° /o o  a c c l i m a t i o n )  d i f f e r e d  s t r i k i n g l y  (G t e s t :  p < 0 . 00005*
2 oX =270) f ro m  t h e  2 0 /2 0  / o o  t r e a t m e n t  and  was c h a r a c t e r i z e d  b y  a  v e r y  low
p e r c e n t a g e  o f  l a r v a e  i n  t h e  t o p  s e c t i o n  o f  t h e  swimming c h a m b e r  (3 .5% ,
SD =4.9) ( F i g .  4 ) .  A num ber  o f  l a r v a e  w e r e  c o n c e n t r a t e d  w i t h i n  1 cm o f
e i t h e r  s i d e  o f  t h e  d i s c o n t i n u i t y :  16% (SD =4.2) a b o v e  a n d  25% (SD =11.3)
b e lo w .  The h i g h e s t  p e r c e n t a g e  o f  l a r v a e  (55 .5% , SD =20.5) was l o c a t e d  i n
t h e  b o t to m  s e c t i o n  o f  t h e  c h a m b e r .  I n  t h e  2 0 / 2 5 ° / o o  t r e a t m e n t s  ( 2 5 ° /o o  
a c c l i m a t i o n ) , a  much l o w e r  p e r c e n t a g e  o f  l a r v a e  swam i n t o  t h e  t o p
p o r t i o n  o f  t h e  c h a m b e rs  t h a n  i n  t h e  2 5 / 2 5 ° / o o  t r e a t m e n t s  (G t e s t :
2 op < 0 . 0 0 0 0 5 ,  X = 116) ( F i g .  5 ) .  The 2 0 /2 5  / o o  d i s c o n t i n u i t y  w a s ,  h o w e v e r ,
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l e s s  a  b a r r i e r  t o  upw ard  v e r t i c a l  m i g r a t i o n  t h a n  was t h e  1 5 /2 0  ° / o o  
d i s c o n t i n u i t y .  An a v e r a g e  o f  33.0%  (SD =20.2)  o f  t h e  l a r v a e  moved from
2 5 ° / o o  w a t e r  i n t o  t h e  u p p e r  p o r t i o n  o f  t h e  2 0 ° / o o  w a t e r  l a y e r  w h i l e  
10.0% (SD = 2 .9 )  swam a c r o s s  t h e  s a l i n i t y  d i s c o n t i n u i t y  b u t  r e m a in e d  
w i t h i n  1 c e n t i m e t e r  a b o v e  t h e  d i s c o n t i n u i t y .
D i s t r i b u t i o n s  o f  s t r a i g h t  h i n g e  l a r v a e  i n  2 . 5 ° / o o  d i s c o n t i n u i t y  
t r e a t m e n t s  w e r e  h i g h l y  v a r i a b l e  w i t h i n  t r e a t m e n t s  i n  s e v e r a l  i n s t a n c e s .  
Mean d i s t r i b u t i o n s  o f  c o n t r o l  t r e a t m e n t s  h a d  m ost  l a r v a e  i n  t h e  t o p
s e c t i o n  o f  t h e  c h a m b e rs  ( F i g s .  6 ,  7 ) .  I n  t h e  2 0 / 2 2 . 5 ° / o o  t r e a t m e n t ,  t h e
d i s t r i b u t i o n  w as s i m i l a r  t o  t h a t  i n  t h e  2 0 / 2 0 ° / o o  c o n t r o l ,  b u t  h a d  a
2
s i g n i f i c a n t l y  s m a l l e r  p e r c e n t a g e  (G t e s t :  p < 0 .0 0 0 0 5 ,  X = 5 3 .3 )  o f  l a r v a e  
i n  t h e  t o p  p o r t i o n  o f  t h e  c h a m b e r  ( F i g .  6 ) .  The d i s t r i b u t i o n s  i n  t h e
2 5 / 2 5 ° / o o  t r e a t m e n t  and  2 5 / 2 7 . 5 ° / o o  t r e a t m e n t  w e r e  n o t  s i g n i f i c a n t l y
2
d i f f e r e n t  f ro m  o n e  a n o t h e r  (G t e s t :  p > 0 .0 5 ,  X = 2 .7 )  ( F i g .  7 ) .  A 
s i g n i f i c a n t l y  l o w e r  p e r c e n t a g e  o f  l a r v a e  was i n  t h e  t o p  s e c t i o n  o f  t h e
1 7 . 5 / 2 0 ° / o o  t r e a t m e n t  c om pared  t o  t h e  2 0 / 2 0 ° / o o  t r e a t m e n t  (G t e s t :
p < 0 . 0 0 0 0 5 ,  X ^ = 8 9 .3 )  ( F i g .  6 ) .  The 2 2 . 5 / 2 5 ° / o o  t r e a t m e n t  a l s o  had  a  
s i g n i f i c a n t l y  l o w e r  p e r c e n t a g e  o f  l a r v a e  i n  t h e  t o p  p o r t i o n  o f  t h e
r\
c h a m b e r  t h a n  d i d  t h e  2 5 / 2 5 ° / o o  c o n t r o l  (G t e s t :  p = 0 .0 0 0 9 ,  X = 1 6 .5 )  ( F i g .  
7 ) .
E a r l y  umboned l a r v a e  e x a m in e d  i n  t h e  5 ° / o o  s a l i n i t y  d i s c o n t i n u i t y  
e x p e r i m e n t s  e x h i b i t e d  d i s t i n c t  p a t t e r n s  o f  v e r t i c a l  d i s t r i b u t i o n  o v e r  
t h e  r a n g e  o f  a c c l i m a t i o n  s a l i n i t i e s .  L a r v a l  d i s t r i b u t i o n s  i n  c o n t r o l  
swimming c h a m b e rs  w e r e  s i m i l a r ,  e a c h  h a v in g  a  m a j o r i t y  ( 7 3 .5  t o  92.3% )
FIGURE 6 LARVAL DISTRIBUTIONS IN THE 2.5°/oo DISCONTINUITY EXPERIMENTS
STRAIGHT HINGE LARVAE; 20°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans  o f  r e p l i c a t e  t r e a t m e n t s  
an d  a r e  g i v e n  i n  p e r c e n t  o f  t o t a l  l a r v a e
TOP i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  t o p  10
c e n t i m e t e r s  o f  t h e  t u b e
ABOVE i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
a b o v e  t h e  d i s c o n t i n u i t y
BELOW i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
b e lo w  t h e  d i s c o n t i n u i t y
BOTTOM i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e
b o t to m  10 c e n t i m e t e r s  o f  t h e  t u b e
PPT i s  p a r t s  p e r  t h o u s a n d  s a l i n i t y
31
TOP
ABOVE rXyM 
DISCONT. 22
BELOW 
DISCONT.
BOTTOM
TOP
ABOVE
DISCONTJ
BELOW
DISCONT.
BOTTOM
STRAIGHT HINGE LARVAE
2 0 /2 0  PPT 20  PPT ACCLIMATION 2.5  PPT DISCONTINUITY 
TOP
ABOVE 
DISCO NTJ
BELOW 
DISCO NTJ
BOTTOM
1 7 .5 /2 0  PPT 20  PPT ACCLIMATION
2 0 /2 2 .5  PPT 20 PPT ACCLIMATION
1
0 10 20 30 40 50 60 70 60 80 100 -100-80 -60-40  -20 0 20 40 60 80 100
PERCENTAGE OF LARVAE DIFFERENCE FROM CONTROL (X)
FIGURE 7 LARVAL DISTRIBUTIONS IN THE 2.5°/oo DISCONTINUITY EXPERIMENTS
STRAIGHT HINGE LARVAE; 25°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s  
an d  a r e  g i v e n  i n  p e r c e n t  o f  t o t a l  l a r v a e
TOP i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  t o p  10
c e n t i m e t e r s  o f  t h e  t u b e
ABOVE i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
a b o v e  t h e  d i s c o n t i n u i t y
BELOW i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
b e lo w  t h e  d i s c o n t i n u i t y
BOTTOM i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e
b o t to m  10 c e n t i m e t e r s  o f  t h e  t u b e
PPT i s  p a r t s  p e r  th o u s a n d  s a l i n i t y
32
STRAIGHT HINGE LARVAE
2 5 /2 5  PPT 25 PPT ACCLIMATION 2.5 PPT DISCONTINUITY 
TOP
ABOVE 
DISCONT.
BELOW 
DISCONT.
BOTTOM
TOP
ABOVE
DISCONT.
BELOW
DISCONT.
BOTTOM
2 2 .5 /2 5  PPT 25 PPT ACCUMATION
TOP
ABOVE
DISCONT.
BELOW
DISCONT.
BOTTOM
■  i i i
s
s
s
2 5 /2 7 .5  PPT 25 PPT ACCUMATION
0 10 20 30 40 50 60 70 60 90 100 -1 0 0 -8 0  -6 0  -4 0  -2 0  0 20 40 60 80 100
PERCENTAGE OF LARVAE DIFFERENCE FROM CONTROL (*)
33
i n  t h e  u p p e r  p o r t i o n  o f  t h e  c h a m b e rs  ( F i g s .  8 - 1 2 ) .  T r e a t m e n t s  i n  w h ic h  
w a t e r  o f  a n  a c c l i m a t i o n  s a l i n i t y  was t h e  u p p e r  w a t e r  l a y e r  ( i . e .
1 5 / 2 0 ° / o o ,  1 5 ° / o o  a c c l i m a t i o n  s a l i n i t y ;  2 0 / 2 5 ° / o o ,  2 0 ° / o o  a c c l i m a t i o n  
s a l i n i t y )  h a d  l a r v a l  d i s t r i b u t i o n s  c l o s e l y  s i m i l a r  t o  t h e  c o n t r o l  
d i s t r i b u t i o n s  ( F i g s .  8 - 1 2 ) .  The l a r g e s t  d i f f e r e n c e  i n  l a r v a l  a b u n d a n c e  
b e tw e e n  one  o f  t h e s e  t r e a t m e n t s  an d  i t s  r e s p e c t i v e  c o n t r o l  was t h e  12.6%
d i f f e r e n c e  i n  t h e  t o p  s e c t i o n  b e tw e e n  t h e  2 0 / 2 5 ° / o o  an d  2 0 / 2 0 ° / o o
t r e a t m e n t s  ( 2 0 ° / o o  a c c l i m a t i o n  s a l i n i t y )  ( T a b le  2) ( F i g .  1 0 ) .
L a r v a l  d i s t r i b u t i o n s  i n  t h e  t r e a t m e n t s  i n  w h ic h  w a t e r  o f  
a c c l i m a t i o n  s a l i n i t y  made up  t h e  b o t to m  l a y e r  i n  t h e  swimming c h a m b e rs
( i . e .  1 0 / 1 5 ° / o o ,  1 5 ° / o o  a c c l i m a t i o n  s a l i n i t y ;  1 5 / 2 0 ° / o o ,  2 0 ° / o o  
a c c l i m a t i o n  s a l i n i t y )  v a r i e d  c o n s i d e r a b l y .  No l a r v a e  swam t h r o u g h  t h e
0 / 5 ° / o o  d i s c o n t i n u i t y ,  t h e r e f o r e  t h i s  t r e a t m e n t  was n o t  r e p l i c a t e d .  The
num ber  o f  l a r v a e  swimming t h r o u g h  t h e  5 ° / o o  d i s c o n t i n u i t y  i n t o  l e s s
s a l i n e  w a t e r  p r o g r e s s i v e l y  i n c r e a s e d  f rom  11.7% i n  t h e  5 / 1 0 ° / o o
t r e a t m e n t  ( F i g .  8) t o  71.0% i n  t h e  2 5 / 3 0 ° / o o  t r e a t m e n t  ( F i g .  1 2 ) .  
A p p r o x im a te ly  33% o f  t h e  l a r v a e  swam i n t o  t h e  t o p  p o r t i o n  o f  t h e
1 0 / 1 5 ° / o o  and 38.8%  moved i n t o  t h e  c o r r e s p o n d i n g  s e c t i o n  o f  t h e
1 5 / 2 0 ° / o o  t r e a t m e n t s ,  a l t h o u g h  t h e  v a r i a t i o n  b e tw e e n  r e p l i c a t e s  was 
s o m e t im e s  l a r g e  ( F i g s .  9 , 1 0 ) .  The a v e r a g e  p e r c e n t a g e  o f  l a r v a e  m oving
i n t o  t h e  t o p  s e c t i o n  o f  t h e  2 0 / 2 5 ° / o o  t r e a t m e n t  ( 2 5 ° /o o  a c c l i m a t i o n  
s a l i n i t y )  was 58.5%  ( F i g .  1 1 ) .  A l l  d i s t r i b u t i o n s  w e r e  s i g n i f i c a n t l y  
d i f f e r e n t  f ro m  t h e i r  c o n t r o l s  ( T a b le  3 ) .
The d i s t r i b u t i o n s  o f  e a r l y  umboned l a r v a e  i n  t h e  p r e s e n c e  o f
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FIGURE 10 LARVAL DISTRIBUTIONS IN THE 5°/oo DISCONTINUITY EXPERIMENTS
EARLY UMBONED LARVAE; 20°/oo ACCLIMATION SALINITY
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FIGURE 11 LARVAL DISTRIBUTIONS IN THE 5°/oo DISCONTINUITY EXPERIMENTS
EARLY UMBONED LARVAE; 25°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s  
and  a r e  g i v e n  i n  p e r c e n t  o f  t o t a l  l a r v a e
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a b o v e  t h e  d i s c o n t i n u i t y
BELOW i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
b e lo w  t h e  d i s c o n t i n u i t y
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FIGURE 12 LARVAL DISTRIBUTIONS IN THE 5°/oo DISCONTINUITY EXPERIMENTS
EARLY UMBONED LARVAE; 30°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s  
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TABLE 2 G (LOG LIKELIHOOD RATIO) TEST COMPARISONS OF EARLY UMBONED 
LARVAL DISTRIBUTIONS BETWEEN CONTROL AND TREATMENT SWIMMING
CHAMBERS WITH 5 ° / o o  SALINITY DISCONTINUITIES
ACCLIMATION
SALINITY CONTROL TREATMENT PROBABILITY CHI SQUARE
10a 1 0 /1 0 1 0 /1 5 < 0 .0 0 0 0 5 5 7 .5
15 1 5 /1 5 1 5 /2 0 < 0 .00005 5 3 .2
20 2 0 /2 0 2 0 /2 5 < 0 .0 0 0 0 5 6 0 .4
25 2 5 /2 5 2 5 /3 0 < 0 .00005 2 4 .8
30 3 0 / 3 0 3 0 /3 5 < 0 .0 0 0 0 5 4 1 .8
a  S a l i n i t i e s  a r e  i n  p a r t s  p e r  t h o u s a n d
b The f i r s t  num ber  i n  t h e  c o n t r o l  and  t r e a t m e n t  c o lu m n s  i s  t h e  s a l i n i t y  
o f  t h e  t o p  l a y e r  o f  w a t e r  i n  t h a t  t r e a t m e n t ,  t h e  s e c o n d  num ber  i s  
t h e  b o t to m  w a t e r  s a l i n i t y
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s a l i n i t y  d i s c o n t i n u i t i e s  o f  2 . 5 ° / o o  m a g n i tu d e  w e r e  s i m i l a r  t o  t h e
d i s t r i b u t i o n s  o f  l a r v a e  i n  t h e  5 ° / o o  s a l i n i t y  d i s c o n t i n u i t y  t r e a t m e n t s .  
The p e r c e n t a g e  o f  l a r v a e  i n  t h e  t o p  s e c t i o n  o f  c o n t r o l  c h a m b e rs  was 
a lw a y s  g r e a t e r  t h a n  80.0% ( F i g s .  1 3 - 1 6 ) .  V e r t i c a l  d i s t r i b u t i o n s  o f  
l a r v a e  i n  t r e a t m e n t s  w i t h  a c c l i m a t i o n  s a l i n i t y  w a t e r  a s  t h e  t o p  l a y e r  
c l o s e l y  r e s e m b le d  d i s t r i b u t i o n s  i n  t h e  c o n t r o l s  ( F i g s .  1 3 -  1 6 ) ,  
a l t h o u g h  a l l  t r e a t m e n t s  w e r e  s i g n i f i c a n t l y  d i f f e r e n t  f ro m  t h e i r  c o n t r o l s  
( T a b le  4 ) .
T r e a t m e n t s  i n  w h ic h  a c c l i m a t i o n  s a l i n i t y  w a t e r  made up  t h e  b o t to m  
l a y e r  o f  swimming c h a m b e rs  h a d  a  v a r i e t y  o f  l a r v a l  d i s t r i b u t i o n s .  As
w i t h  t h e  5 ° / o o  d i s c o n t i n u i t y  t r e a t m e n t s  o f  t h i s  t y p e ,  few l a r v a e  swam
t h r o u g h  t h e  d i s c o n t i n u i t y  i n t o  v e r y  low  ( < 1 0 ° /o o )  s a l i n i t y  w a t e r .  Only
2 9 .4  % o f  t h e  l a r v a e  i n  t h e  2 . 5 / 5 ° / o o  t r e a t m e n t  swam t h r o u g h  t h e  
d i s c o n t i n u i t y  ( F i g .  1 3 ) .  M ost o f  t h o s e  l a r v a e  w h ic h  swam t h r o u g h  t h e  
d i s c o n t i n u i t y  r e m a in e d  w i t h i n  1 c e n t i m e t e r  a b o v e  t h e  d i s c o n t i n u i t y  ( F i g .  
1 3 ) .  The d i s t r i b u t i o n  o f  l a r v a e  i n  t h i s  t r e a t m e n t  was o b v i o u s l y ,  and
?
s t a t i s t i c a l l y  (G t e s t :  p < 0 .0 0 0 0 5 ,  X =353) d i f f e r e n t  f ro m  t h a t  i n  t h e
5 / 5 ° / o o  t r e a t m e n t .  The p e r c e n t a g e  o f  l a r v a e  swimming t h r o u g h  t h e
d i s c o n t i n u i t y  i n  t h e  7 . 5 / 1 0 ° / o o  t r e a t m e n t  was 48.3% w i t h  t h e  m a j o r i t y  o f  
t h o s e  m oving  t h r o u g h  t h e  d i s c o n t i n u i t y  swimming i n t o  t h e  u p p e r  p o r t i o n  
o f  t h e  c h a m b e r  ( F i g .  1 4 ) .  T h i s  t r e a t m e n t ,  t o o ,  had  a  s i g n i f i c a n t l y  
d i f f e r e n t  d i s t r i b u t i o n  o f  l a r v a e  f ro m  t h e  c o n t r o l  w i t h  f e w e r  l a r v a e  i n  
t h e  t o p  s e c t i o n  o f  t h e  c h a m b e r .
The 2 . 5 ° / o o  s a l i n i t y  d i s c o n t i n u i t y  d i d  n o t  a p p e a r  t o  a f f e c t  t h e
TABLE 3 G (LOG LIKELIHOOD RATIO) TEST COMPARISONS OF EARLY UMBONED 
LARVAL DISTRIBUTIONS BETWEEN CONTROL AND TREATMENT SWIMMING
CHAMBERS WITH 5 ° / o o  SALINITY DISCONTINUITIES 
ACCLIMATION
SALINITY CONTROL TREATMENT PROBABILITY CHI SQUARE
10a 1 0 /1 0 5 / 1 0 < 0 .00005 4 2 9 .6
15 1 5 /1 5 1 0 /1 5 < 0 .00005 1 0 7 .5
20 2 0 /2 0 1 5 /2 0 < 0 .0 0 0 0 5 1 3 5 .3
25 2 5 /2 5 2 0 /2 5 < 0 .00005 4 4 .3
30 3 0 /3 0 2 5 /3 0 < 0 .00005 3 1 .1
a  S a l i n i t i e s  a r e  i n  p a r t s  p e r  t h o u s a n d
b The f i r s t  num ber i n  t h e  c o n t r o l  and  t r e a t m e n t  c o lu m n s  i s  t h e  s a l i n i t y  
o f  t h e  t o p  l a y e r  o f  w a t e r  i n  t h a t  t r e a t m e n t ,  t h e  s e c o n d  num ber  i s  
t h e  b o t to m  w a t e r  s a l i n i t y
41
FIGURE 13 LARVAL DISTRIBUTIONS IN THE 2.5°/oo DISCONTINUITY EXPERIMENTS
EARLY UMBONED LARVAE; 5°/oo ACCLIMATION SALINITY
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BOTTOM i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  
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FIGURE 14 LARVAL DISTRIBUTIONS IN THE 2.5°/oo DISCONTINUITY EXPERIMENTS
EARLY UMBONED LARVAE; 10°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s  
and  a r e  g i v e n  i n  p e r c e n t  o f  t o t a l  l a r v a e
TOP i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  t o p  10
c e n t i m e t e r s  o f  t h e  t u b e
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a b o v e  t h e  d i s c o n t i n u i t y
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FIGURE 15 LARVAL DISTRIBUTIONS IN THE 2.5°/oo DISCONTINUITY EXPERIMENTS
EARLY UMBONED LARVAE; 15°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s  
and  a r e  g i v e n  i n  p e r c e n t  o f  t o t a l  l a r v a e
TOP i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  t o p  10 
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FIGURE 16 LARVAL DISTRIBUTIONS IN THE 2.5°/oo DISCONTINUITY EXPERIMENTS
EARLY UMBONED LARVAE; 20°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s
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TABLE 4 G (LOG LIKELIHOOD RATIO) TEST COMPARISONS OF EARLY UMBONED
LARVAL DISTRIBUTIONS BETWEEN CONTROL AND TREATMENT SWIMMING
CHAMBERS WITH 2 . 5 ° / o o  SALINITY DISCONTINUITIES
ACCLIMATION
SALINITY
5 a
10
15
20
CONTROL
5 / 5 b
10 /10
1 5 /1 5
2 0 /2 0
TREATMENT
5 / 7 . 5
1 0 / 1 2 .5
1 5 / 1 7 .5
2 0 / 2 2 .5
PROBABILITY
0 .0 0 0 3
< 0 .00005
0 .0001
0 .0001
CHI SQUARE
1 8 .6
2 8 .7
2 1 .4
22 . 1
a  S a l i n i t i e s  a r e  i n  p a r t s  p e r  t h o u s a n d
b The f i r s t  num ber  i n  t h e  c o n t r o l  an d  t r e a t m e n t  c o lum ns  i s  t h e  s a l i n i t y  
o f  t h e  t o p  l a y e r  o f  w a t e r  i n  t h a t  t r e a t m e n t ,  t h e  s e c o n d  num ber  i s  
t h e  b o t to m  w a t e r  s a l i n i t y
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v e r t i c a l  d i s t r i b u t i o n  o f  l a r v a e  i n  t h e  1 2 .5 / 1 5  o r  1 7 . 5 / 2 0 ° / o o  
t r e a t m e n t s .  L a r v a l  d i s t r i b u t i o n s  i n  t h e s e  tw o t r e a t m e n t s  w e r e  q u i t e  
s i m i l a r  t o  d i s t r i b u t i o n s  i n  t h e  c o n t r o l  c h a m b e rs  ( F i g s .  1 5 s 1 6 ) ,  b u t  
t h e r e  w e r e  s l i g h t l y  g r e a t e r  p e r c e n t a g e s  o f  l a r v a e  i n  t h e  t o p  s e c t i o n s  o f  
t h e  c o n t r o l  t r e a t m e n t s .  T h e s e  d i s t r i b u t i o n a l  d i f f e r e n c e s  b e tw e e n  t h e
1 2 .5 / 1 5  and  1 5 / 1 5 ° / o o  t r e a t m e n t s  w e r e  s i g n i f i c a n t  (G t e s t :  p < 0 . 00 0 0 5 ,
X ^ = 2 3 .6 )  a s  w e r e  t h e  d i f f e r e n c e s  b e tw e e n  t h e  1 7 . 5 / 2 0  and  2 0 / 2 0 ° / o o
2
t r e a t m e n t s  (G t e s t :  p = 0 .0 0 1 2 ,  X = 1 5 . 8 ) .  O n ly  o n e  g r o u p  o f  l a r v a e  was
o b s e r v e d  i n  2 2 .5 / 2 5  and  2 7 . 5 / 3 0 ° / o o  t r e a t m e n t s ;  h o w e v e r ,  a l l  o f  t h e  
l a r v a e  i n  e a c h  o f  t h e s e  t r e a t m e n t s  swam t h r o u g h  t h e  d i s c o n t i n u i t y  i n t o  
t h e  t o p  s e c t i o n  o f  t h e  c h a m b e r s .
L a t e  umboned l a r v a e  w e r e  c o n s i s t e n t l y  p r e s e n t  i n  t h e  t o p  s e c t i o n  
o f  c o n t r o l  c h a m b e rs  i n  p e r c e n t a g e s  g r e a t e r  t h a n  70.0% ( F i g s .  1 7 - 2 3 ) .
L a t e  umboned l a r v a e  i n  t r e a t m e n t s  i n  w h ic h  an  a c c l i m a t i o n  s a l i n i t y  w a t e r  
l a y e r  was t h e  u p p e r  l a y e r  o f  t h e  t r e a t m e n t  h a d  v e r t i c a l  d i s t r i b u t i o n s  
s i m i l a r  t o  t h e  c o n t r o l  d i s t r i b u t i o n s .  M ost l a r v a e  w e r e  i n  t h e  t o p  
p o r t i o n  o f  t h e  c h a m b e r s ,  a l t h o u g h  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  t o p  
s e c t i o n  o f  t r e a t m e n t  c h a m b e rs  was a s  much a s  18.2% l e s s  t h a n  t h e  
p e r c e n t a g e  o f  l a r v a e  i n  t h e  t o p  s e c t i o n  o f  c o n t r o l s  ( F i g s .  1 7 - 2 3 ) .  A l l  
t r e a t m e n t s  had  s i g n i f i c a n t l y  d i f f e r e n t  d i s t r i b u t i o n s  f rom  t h e i r  c o n t r o l s
e x c e p t  t h a t  o f  t h e  2 0 / 2 5 ° / o o  t r e a t m e n t  ( T a b le  5 ) .  When t h e  p e r c e n t a g e  
o f  l a r v a e  i n  t h e  e n t i r e  t o p  h a l f  ( t h e  a c c l i m a t i o n  s a l i n i t y  w a t e r )  o f  
t h e s e  t r e a t m e n t s  i s  c om pared  w i t h  t h a t  o f  t h e  c o n t r o l s ,  d i f f e r e n c e s  a r e  
fo u n d  t o  b e  l e s s  t h a n  11%.
L a t e  umboned l a r v a e ,  l i k e  e a r l y  umboned l a r v a e ,  w e r e  m o s t
FIGURE 17 LARVAL DISTRIBUTIONS IN THE 5°/oo DISCONTINUITY EXPERIMENTS
LATE UMBONED LARVAE; 5°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s  
and  a r e  g i v e n  i n  p e r c e n t  o f  t o t a l  l a r v a e
TOP i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  t o p  10
c e n t i m e t e r s  o f  t h e  t u b e
ABOVE i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
a b o v e  t h e  d i s c o n t i n u i t y
BELOW i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
b e lo w  t h e  d i s c o n t i n u i t y
BOTTOM i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e
b o t to m  10 c e n t i m e t e r s  o f  t h e  t u b e
PPT i s  p a r t s  p e r  t h o u s a n d  s a l i n i t y
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FIGURE 18 LARVAL DISTRIBUTIONS IN THE 5°/oo DISCONTINUITY EXPERIMENTS
LATE UMBONED LARVAE; 10°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s
and  a r e  g i v e n  i n  p e r c e n t  o f  t o t a l  l a r v a e
TOP i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  t o p  10 
c e n t i m e t e r s  o f  t h e  t u b e
ABOVE i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
a b o v e  t h e  d i s c o n t i n u i t y
BELOW i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
b e lo w  t h e  d i s c o n t i n u i t y
BOTTOM i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e
b o t to m  10 c e n t i m e t e r s  o f  t h e  t u b e
PPT i s  p a r t s  p e r  t h o u s a n d  s a l i n i t y
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FIGURE 19 LARVAL DISTRIBUTIONS IN THE 5°/oo DISCONTINUITY EXPERIMENTS
LATE UMBONED LARVAEj 15°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s  
and  a r e  g i v e n  i n  p e r c e n t  o f  t o t a l  l a r v a e
TOP i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  t o p  10 
c e n t i m e t e r s  o f  t h e  t u b e
ABOVE i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
a b o v e  t h e  d i s c o n t i n u i t y
BELOW i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
b e lo w  t h e  d i s c o n t i n u i t y
BOTTOM i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  
b o t to m  10 c e n t i m e t e r s  o f  t h e  t u b e
PPT i s  p a r t s  p e r  t h o u s a n d  s a l i n i t y
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FIGURE 20 LARVAL DISTRIBUTIONS IN THE 5°/oo DISCONTINUITY EXPERIMENTS
LATE UMBONED LARVAE; 20°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s  
and  a r e  g i v e n  i n  p e r c e n t  o f  t o t a l  l a r v a e
TOP i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  t o p  10
c e n t i m e t e r s  o f  t h e  t u b e
ABOVE i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
a b o v e  t h e  d i s c o n t i n u i t y
BELOW i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
b e lo w  t h e  d i s c o n t i n u i t y
BOTTOM i s  t h e  p e r c e n t a g e  o f  l a r v a e  fou n d  i n  t h e
b o t to m  10 c e n t i m e t e r s  o f  t h e  t u b e
PPT i s  p a r t s  p e r  t h o u s a n d  s a l i n i t y
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FIGURE 21 LARVAL DISTRIBUTIONS IN THE 5°/oo DISCONTINUITY EXPERIMENTS
LATE UMBONED LARVAE; 25°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s  
and  a r e  g i v e n  i n  p e r c e n t  o f  t o t a l  l a r v a e
TOP i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  t o p  10
c e n t i m e t e r s  o f  t h e  t u b e
ABOVE i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
a b o v e  t h e  d i s c o n t i n u i t y
BELOW i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
b e lo w  t h e  d i s c o n t i n u i t y
BOTTOM i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e
b o t to m  10 c e n t i m e t e r s  o f  t h e  t u b e
PPT i s  p a r t s  p e r  t h o u s a n d  s a l i n i t y
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FIGURE 22 LARVAL DISTRIBUTIONS IN THE 2.5°/oo DISCONTINUITY EXPERIMENTS
LATE UMBONED LARVAE; 5°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s  
and  a r e  g i v e n  i n  p e r c e n t  o f  t o t a l  l a r v a e
TOP i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  t o p  10 
c e n t i m e t e r s  o f  t h e  t u b e
ABOVE i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
a b o v e  t h e  d i s c o n t i n u i t y
BELOW i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
b e lo w  t h e  d i s c o n t i n u i t y
BOTTOM i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  
b o t to m  10 c e n t i m e t e r s  o f  t h e  t u b e
PPT i s  p a r t s  p e r  t h o u s a n d  s a l i n i t y
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FIGURE 23 LARVAL DISTRIBUTIONS IN THE 2.5°/oo DISCONTINUITY EXPERIMENTS
LATE UMBONED LARVAE; 10°/oo ACCLIMATION SALINITY
D i s t r i b u t i o n s  a r e  t h e  m eans o f  r e p l i c a t e  t r e a t m e n t s  
and  a r e  g i v e n  i n  p e r c e n t  o f  t o t a l  l a r v a e
TOP i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e  t o p  10
c e n t i m e t e r s  o f  t h e  t u b e
ABOVE i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
a b o v e  t h e  d i s c o n t i n u i t y
BELOW i s  t h e  p e r c e n t a g e  o f  l a r v a e  i n  t h e  c e n t i m e t e r  
b e lo w  t h e  d i s c o n t i n u i t y
BOTTOM i s  t h e  p e r c e n t a g e  o f  l a r v a e  fo u n d  i n  t h e
b o t to m  10 c e n t i m e t e r s  o f  t h e  t u b e
PPT i s  p a r t s  p e r  t h o u s a n d  s a l i n i t y
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TABLE 5 G (LOG LIKELIHOOD RATIO) TEST COMPARISONS OF LATE UMBONED
LARVAL DISTRIBUTIONS BETWEEN CONTROL AND TREATMENT
SWIMMING CHAMBERS WITH 5 ° / o o  SALINITY DISCONTINUITIES
ACCLIMATION
SALINITY CONTROL TREATMENT PROBABILITY CHI SQUARE
5 a 5 / 5 5 / 1 0 < 0 .0 0 0 0 5 4 5 .1
10 1 0 /1 0 1 0 /1 5 < 0 .00005 3 9 .3
15 1 5 /1 5 1 5 /2 0 < 0 .0 0 0 0 5 2 5 .7
20 2 0 /2 0 2 0 /2 5 0 .2 6 4 8 4 . 0
25 2 5 /2 5 2 5 /3 0 < 0 .0 0 0 0 5 3 6 .3
a  S a l i n i t i e s  a r e  i n  p a r t s  p e r  t h o u s a n d
b The f i r s t  num ber  i n  t h e  c o n t r o l  and  t r e a t m e n t  c o lu m n s  i s  t h e  s a l i n i t y  
o f  t h e  t o p  l a y e r  o f  w a t e r  i n  t h a t  t r e a t m e n t ,  t h e  s e c o n d  num ber  i s  
t h e  b o t to m  w a t e r  s a l i n i t y
55
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s e n s i t i v e  t o  d i s c o n t i n u i t i e s  when t h e  l a r v a e  w e r e  a c c l i m a t e d  t o  low  
s a l i n i t i e s .  S u r p r i s i n g l y ,  a  s m a l l  num ber  (6 .0% ) o f  l a r v a e  i n  t h e
0 / 5 ° / o o  t r e a t m e n t  swam t h r o u g h  t h e  d i s c o n t i n u i t y .  The l a r v a e  moved l e s s  
t h a n  1 c e n t i m e t e r  i n t o  t h e  u p p e r  l a y e r  o f  t h e  c h a m b e r  w h ic h  p r o b a b l y  
i n d i c a t e s  a  z o n e  o f  s a l i n i t y  i n t e r m e d i a t e  b e tw e e n  t h e  b o t to m  and  t o p  
h a l v e s  o f  t h e  c h a m b e r  h a d  fo rm ed  ( F i g .  1 7 ) .  A l a r g e  p e r c e n t a g e  (20.7% ) 
o f  t h e  l a r v a e  w e r e  c o n c e n t r a t e d  i n  t h e  1 c e n t i m e t e r  b e lo w  t h e  
d i s c o n t i n u i t y ,  b u t  m o s t  l a r v a e  w e re  i n  t h e  b o t to m  s e c t i o n  o f  t h e  cham ber  
( F i g .  17) m ak ing  t h e  d i s t r i b u t i o n  o f  l a r v a e  v e r y  d i f f e r e n t  (G t e s t :
2p < 0 . 0 0 0 0 5 ,  X =437) f rom  t h a t  fo u n d  i n  t h e  c o n t r o l  c h a m b e r .
L a r v a e  w e r e  v e r t i c a l l y  d i s t r i b u t e d  i n  t h e  5 / 1 0 ° / o o  t r e a t m e n t  v e r y
much l i k e  i n  t h e  0 / 5 ° / o o  t r e a t m e n t .  O n ly  a  few moved i n t o  t h e  t o p  h a l f  
o f  t h e  c h a m b e r :  1.3% i n t o  t h e  t o p  and  8.8% i n t o  t h e  c e n t i m e t e r  a b o v e  t h e  
d i s c o n t i n u i t y  ( F i g .  1 8 ) .  M ost l a r v a e  (66.0% ) w e r e  i n  t h e  b o t to m  
s e c t i o n ,  a l t h o u g h  24.0% w e re  c o n c e n t r a t e d  i n  t h e  c e n t i m e t e r  b e lo w  t h e  
d i s c o n t i n u i t y  ( F i g .  1 8 ) .
The 1 0 / 1 5 ° / o o  ( 1 5 ° / o o  a c c l i m a t i o n  s a l i n i t y )  an d  1 5 / 2 0 ° / o o  ( 2 0 ° /o o  
a c c l i m a t i o n )  t r e a t m e n t s  b o t h  e x h i b i t e d  l a r g e  d i f f e r e n c e s  i n  t h e  v e r t i c a l  
d i s t r i b u t i o n  among r e p l i c a t e s .  On a v e r a g e  t h e r e  w e re  e q u a l  p e r c e n t a g e s  
o f  l a r v a e  i n  t h e  t o p  s e c t i o n  o f  t h e  c h a m b e r  and  i n  t h e  1 c e n t i m e t e r
s e c t i o n s  a b o v e  a n d  b e lo w  t h e  d i s c o n t i n u i t y  o f  t h e  1 0 / 1 5 ° / o o  t r e a t m e n t  
( F i g .  1 9 ) .  The m a j o r i t y  o f  l a r v a e  w e r e ;  h o w e v e r ,  i n  t h e  b o t to m  s e c t i o n  
o f  t h e  c h a m b e rs  ( F i g .  1 9 ) .  T h i s  t r e a t m e n t  h a d  s i g n i f i c a n t l y  (G t e s t :
2
p < 0 .0 0 0 0 5 ,  X =379) g r e a t e r  num bers  o f  l a r v a e  i n  t h e  b o t to m  p o r t i o n  o f  
t h e  c h a m b e r  t h a n  d i d  i t s  c o n t r o l  c h a m b e r .  The 1 5 / 2 0 ° / o o  t r e a t m e n t  had
57
an  a v e r a g e  d i s t r i b u t i o n  w i t h  a p p r o x i m a t e l y  e q u a l  p e r c e n t a g e s  o f  l a r v a e  
i n  t h e  t o p  s e c t i o n  (22 .0% ) and  i n  t h e  c e n t i m e t e r  b e lo w  t h e  d i s c o n t i n u i t y  
(2 4 .3 % ) .  A v e r y  s m a l l  p e r c e n t a g e  o f  l a r v a e  w e r e  i n  t h e  c e n t i m e t e r  a b o v e  
t h e  d i s c o n t i n u i t y  ( 2 .7 % ) .  S l i g h t l y  o v e r  h a l f  (50 .7% ) o f  t h e  l a r v a e  w e r e
i n  t h e  b o t to m  p o r t i o n  o f  t h e  t u b e  ( F i g .  2 0 ) .  The 2 0 / 2 0 ° / o o  c o n t r o l
2
ch a m b e r  h a d  a  s i g n i f i c a n t l y  (G t e s t :  p < 0 .0 0 0 0 5 ,  X =291) h i g h e r  
p e r c e n t a g e  o f  l a r v a e  i n  t h e  t o p  s e c t i o n  o f  t h e  c h a m b e r  t h a n  d i d  t h e
1 5 / 2 0 ° / o o  t r e a t m e n t .
The mean l a r v a l  d i s t r i b u t i o n  o f  t h e  2 0 / 2 5 ° / o o  ( 2 5 ° /o o  a c c l i m a t i o n  
s a l i n i t y )  t r e a t m e n t s  a p p e a r e d  t o  b e  v e r y  s i m i l a r  t o  t h e  mean
d i s t r i b u t i o n  o f  t h e  2 5 / 2 5 ° / o o  c o n t r o l  t r e a t m e n t s ,  h o w e v e r  t h e  c o n t r o l  
an d  t r e a t m e n t  d i s t r i b u t i o n s  w e re  s t a t i s t i c a l l y  d i f f e r e n t  (G t e s t :
2
p = 0 .0 0 0 1 9 X = 2 1 . 2 ) .  A s l i g h t l y  h i g h e r  p e r c e n t a g e  o f  l a r v a e  was o b s e r v e d
i n  t h e  t o p  p o r t i o n  o f  t h e  2 0 / 2 5 ° / o o  c h a m b e r  t h a n  i n  t h e  c o r r e s p o n d i n g  
p o r t i o n  o f  t h e  c o n t r o l  ( F i g .  2 1 ) .
O n ly  on e  g ro u p  o f  l a r v a e  was a c c l i m a t e d  t o  3 0 ° / o o  s a l i n i t y  w a t e r
and  t h e n  e x a m in e d  i n  3 0 /3 0 *  2 5 / 3 0 ,  an d  3 0 / 3 5 ° / o o  t r e a t m e n t s .  L a r v a l  
d i s t r i b u t i o n s  f o l l o w e d  t h e  p a t t e r n  e s t a b l i s h e d  b y  e a r l y  and  l a t e  umboned 
l a r v a e  a c c l i m a t e d  t o  h i g h  s a l i n i t i e s .  I n  t h e  c o n t r o l ,  96.0% o f  a l l  
l a r v a e  w e r e  c o n c e n t r a t e d  i n  t h e  t o p  o f  t h e  swimming c h a m b e r .  L a r v a e  i n
t h e  2 5 /3 0  and  3 0 / 3 5 ° / o o  t r e a t m e n t s  h a d  d i s t r i b u t i o n s  i n  w h ic h  83.0% and 
78 .0% , r e s p e c t i v e l y ,  w e re  i n  t h e  t o p  o f  t h e  c h a m b e r s .
A s m a l l  p e r c e n t a g e  (6 .0% ) o f  l a t e  umboned l a r v a e  swam t h r o u g h  t h e
2 . 5 ° / o o  s a l i n i t y  d i s c o n t i n u i t y  and  moved i n t o  t h e  t o p  p o r t i o n  o f  t h e
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2 . 5 / 5 ° / o o  t r e a t m e n t  ( F i g .  2 2 ) .  A p p r o x i m a t e l y  e q u a l  p e r c e n t a g e s  o f  
l a r v a e  w e r e  c o n c e n t r a t e d  i n  t h e  c e n t i m e t e r  a b o v e  (13 .0% ) and  c e n t i m e t e r  
b e lo w  (16 .5% ) t h e  d i s c o n t i n u i t y ,  b u t  a  l a r g e  p o r t i o n ,  64 .0% , w e r e  i n  t h e  
b o t to m  s e c t i o n  o f  t h e  c h a m b e r  ( F i g .  2 2 ) .  T h i s  t r e a t m e n t  h a d  a
2
s i g n i f i c a n t l y  (G t e s t :  p < 0 .0 0 0 0 5 ,  X =244) g r e a t e r  p e r c e n t a g e  o f  l a r v a e  
i n  t h e  b o t to m  o f  t h e  swimming c h a m b e r  t h a n  d i d  i t s  c o n t r o l  t r e a t m e n t .
The c o n t r o l  and  t h e  5 / 7 . 5 ° / o o  t r e a t m e n t  a p p e a r e d  t o  h a v e  s i m i l a r  
p e r c e n t a g e s  o f  l a r v a e  i n  t h e  t o p  h a l f  o f  t h e  c h a m b e r s ,  b u t  t h e  c o n t r o l  
l a r v a e  w e r e  m o st  n u m ero u s  i n  t h e  t o p  and  b o t to m  s e c t i o n s  o f  t h e  c h a m b e r
w h i l e  t h e  5 / 7 . 5 ° / o o  t r e a t m e n t  h a d  f e w e r  l a r v a e  i n  t h e s e  s e c t i o n s .
H i g h e r  p e r c e n t a g e s  o f  l a r v a e  on e i t h e r  s i d e  o f  t h e  d i s c o n t i n u i t y  i n  t h e
5 / 7 . 5 ° / o o  t r e a t m e n t  a c c o u n t e d  f o r  t h e  s i g n i f i c a n t  (G t e s t :  p < 0 . 0 0 0 0 5 ,
2
X = 3 7 .2 )  d i f f e r e n c e  f rom  t h e  c o n t r o l  ( F i g .  2 2 ) .
L a t e  umboned l a r v a e  i n  t h e  7 . 5 / 1 0 ° / o o  t r e a t m e n t  ( a c c l i m a t e d  t o  10
° / o o )  had  an  a v e r a g e  d i s t r i b u t i o n  s i m i l a r  t o  t h e  c o n t r o l  d i s t r i b u t i o n
( F i g .  2 3 ) ,  b u t  a  s i g n i f i c a n t l y  g r e a t e r  p e r c e n t a g e  o f  l a r v a e  was b e lo w
t h e  d i s c o n t i n u i t y  t h a n  t h a t  fo u n d  i n  t h e  c o n t r o l  (G t e s t :  p = 0 .0 0 1 3 ,
2 o oX = 1 5 . 7 ) .  The c o n t r o l  ( 1 0 /1 0  / o o )  and  1 0 / 1 2 .5  / o o  t r e a t m e n t s  a l s o  had
m o s t  l a r v a e  i n  t h e  t o p  s e c t i o n  o f  t h e  c h a m b e r s .  The s i g n i f i c a n t
2
d i f f e r e n c e  i n  t h e  d i s t r i b u t i o n s  (G t e s t :  p < 0 .0 0 0 0 5 ,  X = 4 0 .5 )  was d u e  t o  
e q u a l  p e r c e n t a g e s  o f  l a r v a e  i n  t h e  b o t to m  s e c t i o n  and  on b o t h  s i d e s  o f
t h e  d i s c o n t i n u i t y  i n  t h e  1 0 / 1 2 . 5 ° / o o  t r e a t m e n t  w h e r e a s  few  l a r v a e  w e r e  
i n  t h e  m id d l e  s e c t i o n s  o f  t h e  c o n t r o l  ( F ig  2 3 ) .
59
A 2 . 5 ° / o o  s a l i n i t y  d i s c o n t i n u i t y  d i d  n o t  im pede  upw ard  m ovem ent o f
l a r v a e  i n  1 2 . 5 / 1 5 ,  1 7 . 5 / 2 0 ,  2 2 . 5 / 2 5 ,  o r  2 7 . 5 / 3 0 ° / o o  t r e a t m e n t s .  T h r e e
r e p l i c a t e s  o f  t h e  1 2 . 5 / 1 5 ° / o o  t r e a t m e n t  w e r e  e x a m in e d ,  b u t  o n l y  on e  o f  
e a c h  o f  t h e  o t h e r s .  I n  e a c h  c a s e ,  t h e  d i s t r i b u t i o n  o f  l a r v a e  i n  t h e  
t r e a t m e n t s  was s i m i l a r  t o  t h e  d i s t r i b u t i o n  o f  l a r v a e  i n  t h e  c o n t r o l s ;  
m o s t  l a r v a e  w e r e  c o n c e n t r a t e d  i n  t h e  t o p  s e c t i o n  o f  t h e  swimming 
c h a m b e r s .
Swimming V e l o c i t i e s ;  E f f e c t s  o f  S a l i n i t y
C o m p a r iso n  o f  a v e r a g e  swimming v e l o c i t i e s  o f  s t r a i g h t - h i n g e d
l a r v a e  ( spaw ned  1 2 /1 )  a c c l i m a t e d  t o  20 an d  2 5 ° / o o  r e v e a l e d  a 
s i g n i f i c a n t l y  h i g h e r  v e l o c i t y  (ANOVA: P < 0 .0 0 3 0 s d . f . = 3 3 ,  n=35) o f  l a r v a e
i n  2 5 ° / o o  ( T a b le  6 ,  F i g .  2 4 ) .  T h e s e  w e r e  t h e  o n l y  s a l i n i t i e s  t o  w h ic h  
t h e s e  s t r a i g h t  h i n g e  l a r v a e  w e re  a c c l i m a t e d .  S t r a i g h t - h i n g e  l a r v a e  
spaw ned 1 2 - 8 - 8 7  d i d  n o t  d i f f e r  (ANOVA: p > 0 .0 5 ,  d . f . = 6 5 ,  n=68) i n  a v e r a g e  
swimming v e l o c i t y  i n  t h e  t h r e e  a c c l i m a t i o n  s a l i n i t i e s  t e s t e d :  1 5 ,  20 ,
2 5 ° / o o  ( T a b le  6 ,  F i g .  2 4 ) .  L a r v a e  w hose  v e r t i c a l  swimming v e l o c i t y  
a v e r a g e d  z e r o  w e re  n o t  i n c l u d e d  i n  t h e  a n a l y s i s .
E a r l y  umboned l a r v a e  spaw ned 1 1 - 3 -8 7  h a d  s i g n i f i c a n t l y  d i f f e r e n t  
( K r u s k a l - W a l l i s : X = 1 9 .5 ,  P < 0 .0 0 1 6 ,  n= 150)  a v e r a g e  swimming v e l o c i t i e s  
among a c c l i m a t i o n  s a l i n i t i e s .  A v e ra g e  swimming v e l o c i t i e s  o f  l a r v a e
a c c l i m a t e d  t o  2 5 ° / o o  w e r e  s i g n i f i c a n t l y  g r e a t e r  t h a n  v e l o c i t i e s  o f
l a r v a e  a c c l i m a t e d  t o  10 and  2 0 ° / o o  ( T a b le  7 ) .  A v e ra g e  swimming
v e l o c i t i e s  r a n g e d  from  0 .4 3  m m /sec i n  2 0 ° / o o  t o  0 .7 7  m m /sec i n  2 5 ° / o o  
w a t e r  ( T a b le  6 ,  F i g .  2 4 ) .  T h e r e  w e r e  no s i g n i f i c a n t  d i f f e r e n c e s  (ANOVA:
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FIGURE 24 SCATTER PLOTS OF AVERAGE SWIMMING VELOCITIES OF STRAIGHT 
HINGE AND EARLY UMBONED LARVAE
E r r o r  b a r s  r e p r e s e n t  1 s t a n d a r d  d e v i a t i o n  a b o v e  and  
b e lo w  t h e  mean
A c c l i m a t i o n  s a l i n i t y  i s  i n  p a r t s  p e r  t h o u s a n d
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AVERAGE SWIMMING VELOCITY
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ACCLIMATION SALINITY
A  STRAIGHT HINGE SPAWNED 1 2 /1 /8 7  
▲ STRAIGHT HINGE SPAWNED 12/B /B 7 
□  EARLY UMBONED SPAWNED 1 1 /3 /8 7  
■  EARLY UMBONED SPAWNED 1 2 /8 /8 7
TABLE 7 MULTIPLE COMPARISON TEST OF AVERAGE LARVAL SWIMMING VELOCITY
EARLY UMBONED OYSTER LARVAE SPAWNED 11-3-87
A c c l i m a t i o n  S a l i n i t y  20 10 30  15 5 25
Mean V e l o c i t y  0.A3_____0 . 4 4  0 .4 9 _____ 0 .5 1 ____ 0 .5 6  0 .7 7
L i n e s  c o n n e c t  t r e a t m e n t s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  ( D u n n 's  A p p ro x :  
P > 0 .050)
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p = 0 .0 5 ,  d . f . = 1 1 2  n= 118) i n  a v e r a g e  swimming v e l o c i t i e s  among a c c l i m a t i o n  
s a l i n i t i e s  o f  e a r l y  umboned l a r v a e  spaw ned 1 2 - 8 -8 7  ( T a b le  6 9 F i g .  2 4 ) .  
S i n k in g  V e l o c i t i e s :  E f f e c t s  o f  S a l i n i t y
A v e ra g e  s i n k i n g  v e l o c i t i e s  o f  s t r a i g h t - h i n g e  l a r v a e  (spaw ned  1 2 - 1 -  
87) i n c r e a s e d  w i t h  i n c r e a s e d  s a l i n i t y  ( T a b le  6 S F i g . 2 5 ) ,  b u t  t h e s e  
v a l u e s  w e r e  n o t  s t a t i s t i c a l l y  d i f f e r e n t  (ANOVA: p > 0 .0 5 ,  d . f . = 3 4 ,  n=36) . 
S t r a i g h t - h i n g e  l a r v a e  spaw ned  1 2 - 8 - 8 7  a l s o  h a d  a v e r a g e  s i n k i n g  
v e l o c i t i e s  w h ic h  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  (ANOVA: p > 0 .0 5 ,  
d . f . = 4 1 ,  n=44) o v e r  t h e  r a n g e  o f  a c c l i m a t i o n  s a l i n i t i e s  t e s t e d .  No 
r e l a t i o n s h i p  b e tw e e n  s i n k i n g  v e l o c i t y  and  s a l i n i t y  was a p p a r e n t  ( T a b le  
6 ,  F i g .  2 5 ) .
V a r i a n c e  o f  a v e r a g e  s i n k i n g  v e l o c i t i e s  among a c c l i m a t i o n  
s a l i n i t i e s  was h e t e r o g e n e o u s  f o r  e a r l y  umboned l a r v a e  spaw ned  1 1 - 3 - 8 7 .  
S i n k in g  v e l o c i t i e s  o f  t h e s e  l a r v a e  w e re  n o t ,  h o w e v e r ,  s i g n i f i c a n t l y  
d i f f e r e n t  among a c c l i m a t i o n  s a l i n i t i e s  (KW: X = 6 .4 0 ,  P > 0 .0 5 ,  n = 1 0 3 ) .
The l o w e s t  a v e r a g e  s i n k i n g  v e l o c i t y  o f  t h e s e  l a r v a e  was 0 .6 6  mm/sec i n
w a t e r  a t  10°/oo; the h i g h e s t  was 1 .3 0  mm/sec i n  1 5 ° / o o  s a l i n i t y  w a t e r  
( T a b le  6 ,  F i g .  2 5 ) .  No s i g n i f i c a n t  d i f f e r e n c e  (ANOVA: p > 0 .0 5 ,  d . f . = 8 1 ,  
n=87) i n  s i n k i n g  v e l o c i t i e s  among a c c l i m a t i o n  s a l i n i t i e s  was o b s e r v e d  i n  
e a r l y  umboned l a r v a e  spaw ned  1 2 - 8 - 8 7 .  No s t r o n g  r e l a t i o n s h i p  b e tw e e n  
s a l i n i t y  and  s i n k i n g  v e l o c i t y  was e v i d e n t  ( T a b le  6 ,  F i g .  2 5 ) .
Maximum Swimming V e l o c i t y
Maximum swimming v e l o c i t i e s  ( h i g h e s t  25% o f  r e c o r d e d  swimming 
v e l o c i t i e s )  t e n d e d  t o  b e  m ore  v a r i a b l e  among a c c l i m a t i o n  s a l i n i t i e s  t h a n  
d i d  a v e r a g e  swimming v e l o c i t i e s  ( T a b le  6 ) .  S t r a i g h t - h i n g e  l a r v a e  
(spaw ned  1 2 - 1 - 8 7 )  h a d  s i g n i f i c a n t l y  l o w e r  (ANOVA: P = 0 .0 1 5 ,  d f = 9 ,  n=10)
FIGURE 25 SCATTER PLOTS OF AVERAGE SINKING VELOCITIES OF STRAIGHT 
HINGE AND EARLY UMBONED LARVAE
E r r o r  b a r s  r e p r e s e n t  1 s t a n d a r d  d e v i a t i o n  a b o v e  and  
b e lo w  t h e  mean
A c c l i m a t i o n  s a l i n i t y  i s  i n  p a r t s  p e r  t h o u s a n d
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maximum swimming v e l o c i t i e s  i n  2 0 ° / o o  w a t e r  ( 0 . 4 4  m m /sec) com pared  t o
v e l o c i t i e s  i n  2 5 ° / o o  w a t e r  ( 0 .9 3  m m /sec) ( T a b le  6 ,  F i g .  2 6 ) .  Maximum 
swimming v e l o c i t i e s  among a c c l i m a t i o n  s a l i n i t i e s  w e r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  (ANOVA: p > 0 .0 5 ,  d . f . = 1 6 ,  n=17) i n  s t r a i g h t - h i n g e  l a r v a e  
spaw ned  1 2 - 8 - 8 7  ( T a b le  6 ,  F i g .  2 6 ) .
S i g n i f i c a n t  d i f f e r e n c e s  i n  maximum l a r v a l  swimming v e l o c i t i e s  
among a c c l i m a t i o n  s a l i n i t i e s  w e re  o b s e r v e d  f o r  e a r l y  umboned l a r v a e  
spaw ned  on b o t h  1 1 - 3 - 8 7  (KW: X = 1 7 .4 ,  P = 0 .0 0 3 8 ,  n=36) ( T a b le  8) and  on 
1 2 - 8 -8 7  (KW: X = 1 8 .3 ,  P = 0 .0 0 2 6 ,  n= 28) ( T a b le  9 ) .  Maximum swimming
v e l o c i t y  o f  e a r l y  umboned l a r v a e  (spaw ned  1 1 - 3 - 8 7 )  a c c l i m a t e d  t o  1 0 ° / o o  
w a t e r  was s i g n i f i c a n t l y  g r e a t e r  t h a n  t h e  maximum v e l o c i t y  o f  l a r v a e
a c c l i m a t e d  t o  2 0 ° / o o  ( T a b le  6 ,  F i g .  2 6 ) .  E a r l y  umboned l a r v a e  (spaw ned
1 2 - 8 - 8 7 )  a c c l i m a t e d  t o  1 5 ° / o o  w a t e r  had  a  s i g n i f i c a n t l y  l o w e r  maximum
swimming v e l o c i t y  t h a n  l a r v a e  a c c l i m a t e d  t o  2 0 ° / o o  w a t e r  ( T a b le  6 ,  F i g .  
2 6 ) .
Maximum S i n k i n g  V e l o c i t y
Maximum s i n k i n g  v e l o c i t i e s  ( h i g h e s t  25% o f  r e c o r d e d  s i n k i n g  
v e l o c i t i e s )  o f  s t r a i g h t  h i n g e d  l a r v a e  spaw ned  on  1 2 - 1 -8 7  w e re  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  (ANOVA: p > 0 .0 5 ,  d . f . = 9 ,  n=10) b e tw e e n  
a c c l i m a t i o n  s a l i n i t i e s  ( T a b le  6 ,  F i g .  2 7 ) .  No s i g n i f i c a n t  d i f f e r e n c e  
(ANOVA: p > 0 .0 5 ,  d . f . = l l ,  n=12) i n  maximum s i n k i n g  v e l o c i t y  was o b s e r v e d  
i n  s t r a i g h t - h i n g e  l a r v a e  spaw ned  1 2 - 8 - 8 7 .  Mean maximum s i n k i n g  
v e l o c i t i e s  w e r e  a lm o s t  e q u a l  i n  a l l  s a l i n i t i e s  ex a m in ed  ( T a b le  6 ,  F i g .  
2 7 ) .
S i g n i f i c a n t  d i f f e r e n c e s  i n  maximum s i n k i n g  v e l o c i t y  among l a r v a e
FIGURE 26 SCATTER PLOTS OF MAXIMUM SWIMMING VELOCITIES OF 
STRAIGHT HINGE AND EARLY UMBONED LARVAE
E r r o r  b a r s  r e p r e s e n t  1 s t a n d a r d  d e v i a t i o n  a b o v e  and  
b e lo w  t h e  mean
A c c l i m a t i o n  s a l i n i t y  i s  i n  p a r t s  p e r  t h o u s a n d
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TABLE 8 MULTIPLE COMPARISONS TEST OF MAXIMUM LARVAL SWIMMING
VELOCITY EARLY UMBONED OYSTER LARVAE SPAWNED 11-3-87
A c c l i m a t i o n  S a l i n i t y  20 30  5 15 25 10
Mean V e l o c i t y  (nun/s) 1 .0 4 _____1 .0 8 _____1 .1 6 _____ 1 .1 8 _____1 .2 9  1 .4 8
L i n e s  c o n n e c t  t r e a t m e n t s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  (D unn’ s  A p p ro x :  
P > 0 .050)
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TABLE 9 MULTIPLE COMPARISONS TEST OF MAXIMUM LARVAL SWIMMING
VELOCITY EARLY UMBONED OYSTER LARVAE SPAWNED 12-8-87
A c c l i m a t i o n  S a l i n i t y  15 5 30  25 10 20
Mean V e l o c i t y  (mm/s) 1 .6 3 ______ 1 .8 1 _____ 2 .5 1 _____ 2 .5 3 _____ 2 .5 5  2 .5 6
L i n e s  c o n n e c t  t r e a t m e n t s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  (D u n n 's  A p p ro x :  
P > 0 .050)
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FIGURE 27 SCATTER PLOTS OF MAXIMUM SINKING VELOCITIES OF 
STRAIGHT HINGE AND EARLY UMBONED LARVAE
E r r o r  b a r s  r e p r e s e n t  1 s t a n d a r d  d e v i a t i o n  a b o v e  an d  
b e lo w  t h e  mean
A c c l i m a t i o n  s a l i n i t y  i s  i n  p a r t s  p e r  th o u s a n d
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i n  t h e  s i x  a c c l i m a t i o n  s a l i n i t i e s  w e re  o b s e r v e d  i n  e a r l y  umboned l a r v a e
2
spaw ned  1 1 - 3 -8 7  (KW: X = 2 1 .0 7 ,  P = 0 .0 0 0 8 ,  n = 2 6 ) . V e l o c i t i e s  o f  l a r v a e
a c c l i m a t e d  t o  1 0 ° / o o  w a t e r  w e r e  s i g n i f i c a n t l y  l o w e r  t h a n  maximum s i n k i n g
v e l o c i t i e s  f o r  l a r v a e  a c c l i m a t e d  t o  1 5 ,  20 an d  2 5 ° / o o  w a t e r  ( T a b le  1 0 ) .  
The mean maximum s i n k i n g  v e l o c i t y  o f  t h e  l a r v a e  r a n g e d  fro m  1 .4 2  mm/sec 
t o  a  h i g h  mean v e l o c i t y  o f  2 .8 1  m m /sec ( T a b le  6 ,  F i g .  2 7 ) .  E a r l y  
umboned l a r v a e  (spaw ned  1 2 - 8 )  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  (ANOVA: 
p > 0 .0 5 ,  d . f . = 2 1 ,  n=22) i n  maximum s i n k i n g  s p e e d  among t h e  6 a c c l i m a t i o n  
s a l i n i t i e s  ( T a b le  6 ,  F i g .  2 7 ) .
TABLE 10 MULTIPLE COMPARISON TEST OF MAXIMUM LARVAL SINKING
VELOCITY EARLY UMBONED OYSTER LARVAE SPAWNED 11-3-87
A c c l i m a t i o n  S a l i n i t y  10 5 30  25 20 15
Mean V e l o c i t y  1 .4 2  1 .6 4  2 .1 1  2 .5 9  2 .6 2  2 .8 1
L i n e s  c o n n e c t  t r e a t m e n t s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  (D u n n 's  A p p ro x :  
P > 0 .050)
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DISCUSSION
The r e t e n t i o n  o f  o y s t e r  l a r v a e  w i t h i n  e s t u a r i e s  c a n  b e  a c h i e v e d  b y  
e i t h e r  p a s s i v e  o r  a c t i v e  l a r v a l  b e h a v i o r  i n  c o n j u n c t i o n  w i t h  e s t u a r i n e  
c u r r e n t s .  P a s s i v e  l a r v a e  r e m a in  w i t h i n  a  p a r t i c u l a r  e s t u a r y  o n l y  i f  t h e  
h y d r o d y n a m ic s  o f  t h a t  e s t u a r y  e n t r a p  th em . Some t y p e s  o f  l a r v a l  
swimming b e h a v i o r  s u c h  a s  d e p t h  r e g u l a t i o n  c o u l d  h e l p  r e t a i n  l a r v a e  
w i t h i n  e s t u a r i e s  e v e n  th o u g h  c u r r e n t s  a l o n e  m ig h t  c a u s e  a  l o s s  o f  l a r v a e  
from  t h e  e s t u a r y .  L a r v a e  s e l e c t i n g  t h e  h i g h  s a l i n i t y  b o t to m  w a t e r  o f  
p a r t i a l l y  m ixed  e s t u a r i e s  w o u ld  t e n d  t o  r e m a in  w i t h i n  t h e s e  e s t u a r i e s  
due  t o  t h e  l a n d w a r d  f lo w  o f  t h a t  w a t e r .  The h a l o c l i n e  i n  many p a r t i a l l y  
m ixed  e s t u a r i e s  i s  a t  o r  n e a r  t h e  l e v e l  o f  no  n e t  m o t io n  o f  t h e  e s t u a r y  
( P r i t c h a r d ,  1953) and  l a r v a e  w h ic h  m a i n t a i n  t h e m s e l v e s  a t  t h a t  d e p t h  i n  
t h e  w a t e r  co lum n w o u ld  a l s o  t e n d  t o  r e m a in  w i t h i n  a n  e s t u a r y .
R e s u l t s  o f  t h i s  s t u d y  i n d i c a t e  t h a t  C r a s s o s t r e a  v i r g i n i c a  l a r v a e  
i n  h i g h  s a l i n i t y  b o t to m  w a t e r  g e n e r a l l y  a v o i d  s u r f a c e  w a t e r  o f  low  
s a l i n i t y .  T h o se  l a r v a e  i n  s u r f a c e  w a t e r ,  r e g a r d l e s s  o f  i t s  s a l i n i t y ,  
r e m a in  n e a r  t h e  s u r f a c e .  When b o t h  s u r f a c e  an d  b o t to m  w a t e r  a r e  o f
r e l a t i v e l y  h i g h  (>20 ° / o o )  s a l i n i t y ,  o y s t e r  l a r v a e  i n  b o t to m  w a t e r  a r e  
l e s s  i n f l u e n c e d  by  s a l i n i t y  d i f f e r e n c e s  b e tw e e n  w a t e r  l a y e r s  an d  swim t o  
t h e  s u r f a c e .  T h e s e  r e s u l t s  im p ly  t h a t  a c t i v e  d e p t h  r e g u l a t i o n  b y  l a r v a e  
i n  t h e  fo rm  o f  a v o i d a n c e  o f  low  s a l i n i t y  s u r f a c e  w a t e r  may t a k e  p l a c e  i n  
t h e  low  s a l i n i t y ,  u p p e r  r e a c h e s  o f  e s t u a r i e s .  I n  t h e  l o w e r  p o r t i o n  o f  
e s t u a r i e s  w h e re  s a l i n i t i e s  a r e  e l e v a t e d ,  l a r v a e  may swim t o  t h e  s u r f a c e .
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The s a l i n i t y  b o u n d a r i e s  fo rm ed  i n  t h e s e  e x p e r i m e n t s  w e r e  s h a r p e r  
and  o f  much g r e a t e r  m a g n i tu d e  t h a n  a r e  n o r m a l l y  o b s e r v e d  i n  e s t u a r i e s .
An e s t u a r i n e  v e r t i c a l  s a l i n i t y  p r o f i l e  i n  m ic ro c o s m  was n o t  a t t e m p t e d ; 
i n s t e a d  a  m ore  e x t r e m e  s y s te m  was e s t a b l i s h e d .  I f  e x t r e m e  c o n d i t i o n s  
p r o d u c e d  no  d e t e c t a b l e  b e h a v i o r a l  r e s p o n s e s  f ro m  t h e  l a r v a e ,  t h e n  i t  i s  
a ssum ed  t h a t  n a t u r a l  s a l i n i t y  c o n d i t i o n s  p r o b a b l y  do n o t  i n f l u e n c e  t h e i r  
b e h a v i o r  e i t h e r .  I n  c a s e s  w h e r e  a  b e h a v i o r a l  r e s p o n s e  was o b s e r v e d ,  
p r e d i c t i o n s  o f  l a r v a l  d i s t r i b u t i o n s  and  b e h a v i o r  i n  t h e  n a t u r a l  
e n v i r o n m e n t  m u s t  b e  made c a u t i o u s l y  w i t h i n  t h e  c o n t e x t  o f  k n o w le d g e  o f  
e s t u a r i n e  s a l i n i t y  s t r a t i f i c a t i o n  an d  c u r r e n t s .
Norm al swimming o f  a l l  s i z e s  o f  l a r v a l  C r a s s o s t r e a  v i r g i n i c a  
e x a m in ed  was g e o n e g a t i v e  u n l e s s  an  i m p a s s a b l e  p h y s i c a l  o r  p h y s i o l o g i c a l  
b a r r i e r  was e n c o u n t e r e d .  N orm al swimming b e h a v i o r  was e v i d e n t  i n  
c o n t r o l  t r e a t m e n t s  an d  i n  t r e a t m e n t s  w i t h  an  a c c l i m a t i o n  s a l i n i t y  o v e r  a  
t e s t  s a l i n i t y .  S i n c e  n o rm a l  swimming was u p w a r d s ,  l a r v a e  i n  t h e  l a t t e r  
t r e a t m e n t s  d i d  n o t  e n c o u n t e r  a  d i s c o n t i n u i t y  w h ic h  may h a v e  i n f l u e n c e d  
t h e i r  b e h a v i o r .  L a r v a e  o f  a l l  s i z e s  ex am in ed  i n  t h e s e  two t r e a t m e n t  
t y p e s  w e re  c o n c e n t r a t e d  w i t h i n  a  few c e n t i m e t e r s  o f  t h e  a i r - w a t e r  
i n t e r f a c e .  The s m a l l  p e r c e n t a g e  o f  l a r v a e  w h ic h  d i d  s i n k  i n t o  t h e  
b o t to m  l a y e r  o f  t h e s e  t r e a t m e n t s  a r e  p re su m e d  t o  h a v e  b e e n  i n  p o o r  
c o n d i t i o n .  The p e r c e n t a g e  o f  l a r v a e  i n  t h e  b o t to m  s e c t i o n s  o f  t h e s e  
t r e a t m e n t s  d i d  n o t  a p p e a r  t o  b e  a s s o c i a t e d  w i t h  m o rp h o ty p e .
L a r v a e  a v o id e d  swimming upw ard  a c r o s s  a  5 ° / o o  s a l i n i t y  
d i s c o n t i n u i t y  i n t o  low  s a l i n i t y  w a t e r ,  i n s t e a d  c o n c e n t r a t i n g  b e lo w  o r  
j u s t  a b o v e  an d  b e lo w  t h e  d i s c o n t i n u i t y .  I n  t h e s e  c a s e s  t h e  t o t a l  
p e r c e n t a g e  o f  l a r v a e  i n  t h e  1 c e n t i m e t e r  s e c t i o n s  a b o v e  and  b e lo w  a
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d i s c o n t i n u i t y  may n o t  h a v e  b e e n  p a r t i c u l a r l y  g r e a t  co m p ared  t o  t h e  
p e r c e n t a g e s  o f  l a r v a e  i n  t h e  t o p  o r  b o t to m  10 c e n t i m e t e r  s e c t i o n s ,  b u t  
t h e  1 c e n t i m e t e r  s e c t i o n s  o f  t h e  t u b e s  h a d  much g r e a t e r  n u m b ers  o f  
l a r v a e  p e r  u n i t  v o lu m e  t h a n  d i d  t h e  10 c e n t i m e t e r  s e c t i o n s .  L a r v a e  may 
h a v e  c o n c e n t r a t e d  j u s t  a b o v e  d i s c o n t i n u i t i e s  i f  t h e  d i s c o n t i n u i t y  was 
n o t  s h a r p  and  a  z o n e  o f  i n t e r m e d i a t e  s a l i n i t y  w a t e r  h a d  f o rm e d .  I n  
h i g h  s a l i n i t y  t r e a t m e n t s ,  l a r g e  num bers  o f  l a r v a e  swam t h r o u g h  t h e  
d i s c o n t i n u i t i e s  t o  t h e  s u r f a c e  o f  t h e  c h a m b e rs .  Two f a c t o r s  may b e
i m p o r t a n t  h e r e .  The l o w e s t  t e s t  s a l i n i t i e s  ( 0 ° / o o ,  2 . 5 ° / o o )  a r e  b e lo w  
t h e  s a l i n i t y  n e c e s s a r y  f o r  n o rm a l  g ro w th  and  d e v e lo p m e n t  o f  C r a s s o s t r e a  
v i r g i n i c a  l a r v a e  (A nem iya , 1 926 ;  D a v i s ,  1957 ; 1 9 5 8 ) .  S e c o n d ly ,  t h e  
p e r c e n t a g e  d i f f e r e n c e  i n  s a l i n i t y  a c r o s s  a  d i s c o n t i n u i t y  was g r e a t e r  i n  
t h e  low  s a l i n i t y  t r e a t m e n t s  t h a n  i n  t h e  h i g h  s a l i n i t y  t r e a t m e n t s ,  
p r e s u m a b ly  d e c r e a s i n g  t h e  a b i l i t y  o f  l a r v a e  t o  c r o s s  t h e  d i s c o n t i n u i t y .
D i s c o n t i n u i t i e s  o f  2 .5  ° / o o  and  d i f f e r e n c e s  i n  l a r v a l  s i z e  b o t h  
a f f e c t e d  t h e  o b s e r v e d  p a t t e r n s  o f  v e r t i c a l  d i s t r i b u t i o n  a r o u n d
d i s c o n t i n u i t i e s .  L a r v a e  swam t h r o u g h  2 .5  ° / o o  d i s c o n t i n u i t i e s  m ore
r e a d i l y  t h a n  t h r o u g h  5 ° / o o  d i s c o n t i n u i t i e s  and  l a r g e  l a r v a e  swam 
t h r o u g h  d i s c o n t i n u i t i e s  w h ic h  s m a l l  l a r v a e  d i d  n o t  swim t h r o u g h .  
D e c r e a s i n g  t h e  m a g n i tu d e  o f  t h e  d i s c o n t i n u i t y  r e d u c e d  t h e  p e r c e n t a g e  
d i f f e r e n c e  b e tw e e n  t h e  a c c l i m a t i o n  an d  t e s t  s a l i n i t i e s  an d  r e d u c e d  
a v o i d a n c e  o f  low  s a l i n i t y  w a t e r  b y  l a r v a e  m oving  t h r o u g h  t h e  
d i s c o n t i n u i t y .  D a v i s  (1 9 5 7 ,  1958) r e p o r t e d  t h a t  o l d e r  o y s t e r  l a r v a e  
c o u l d  s u r v i v e  and  grow  i n  l o w e r  s a l i n i t i e s  t h a n  c o u l d  s t r a i g h t  h i n g e  
l a r v a e .  I t  i s  n o t  s u r p r i s i n g  t h e n ,  t h a t  w i t h  t h e i r  i n c r e a s e d  s a l i n i t y
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t o l e r a n c e ,  l a r g e  l a r v a e  moved a c r o s s  d i s c o n t i n u i t i e s  i n t o  l o w e r  
s a l i n i t i e s  i n  g r e a t e r  n u m b ers  t h a n  d i d  s m a l l  l a r v a e .
R e c o rd e d  swimming p a t h s  i n d i c a t e d  t h a t  v e l o c i t i e s  d i f f e r e d  g r e a t l y  
among l a r v a e  and  t h a t  c h a n g e s  i n  v e l o c i t y  w e r e  common f o r  i n d i v i d u a l  
l a r v a e .  R e c o rd e d  swimming p a t h s  o f  i n d i v i d u a l  l a r v a e  a r e  p r e s e n t e d  i n  
D a ta  A p p e n d ix  1 . D i s t i n c t  v e r t i c a l  m ovem ents ( a s c e n d i n g ,  d e s c e n d i n g ,  o r  
b o t h )  w e r e  made b y  some l a r v a e  d u r i n g  o b s e r v a t i o n  w h i l e  o t h e r s  m e r e ly  
m a i n t a i n e d  t h e i r  v e r t i c a l  p o s i t i o n  i n  t h e  c h a m b e r .  The l a r g e  
v a r i a b i l i t y  i n  r e c o r d e d  v e l o c i t i e s  w i t h i n  t r e a t m e n t s  g e n e r a l l y  
o v e rs h a d o w e d  an y  s a l i n i t y  e f f e c t s  among t r e a t m e n t s  w h ic h  may h a v e  b e e n  
p r e s e n t .
S a l i n i t y  e f f e c t s  on l a r v a l  s i n k i n g  v e l o c i t y  w e r e  a l s o  d i f f i c u l t  t o  
a s s e s s  d u e  t o  w i t h i n - t r e a t m e n t  v a r i a b i l i t y .  B a se d  u p o n  S t o k e s  Law and  
a s s u m in g  same s i z e  and  su b m e rg e d  w e i g h t  among l a r v a e ,  t h e  w a t e r  d e n s i t y
a n d  v i s c o s i t y  d i f f e r e n c e s  b e tw e e n  5 an d  3 0 ° / o o  s a l i n i t y  w a t e r  w o u ld  h a v e  
c a u s e d  o n l y  a  0 . 0 4  m m/sec d i f f e r e n c e  i n  s i n k i n g  v e l o c i t y  b e tw e e n  l a r v a e  
i n  t h o s e  t r e a t m e n t s .  B e h a v i o r a l  d i f f e r e n c e s  o f  l a r v a e  c o u l d ,  h o w e v e r ,  
c r e a t e  d i f f e r e n c e s  b e tw e e n  t r e a t m e n t s .  L a r v a e  w e r e  c a p a b l e  o f  
r e g u l a t i n g  t h e i r  s i n k i n g  f ro m  an  a lm o s t  i m p e r c e p t i b l e  d e s c e n t  t o  maximum 
s i n k i n g  v e l o c i t y .  S i n k in g  l a r v a e  e x h i b i t e d  t h e  f o l l o w i n g  b e h a v i o r s :  
s i n k i n g  w i t h  t h e i r  v e lu m  e x te n d e d  an d  c i l i a  b e a t i n g  ( a p p a r e n t l y  t o  
r e t a r d  t h e i r  d e s c e n t  s i n c e  t h e s e  l a r v a e  had  t h e  l o w e s t  s i n k i n g  
v e l o c i t i e s ) ,  s i n k i n g  w i t h  o n l y  t h e  v e lu m  e x t e n d e d  e i t h e r  f u l l y  o r  
p a r t i a l l y ,  and  s i n k i n g  w i t h  t h e i r  v a l v e s  c l o s e d  ( t h e s e  l a r v a e  had  t h e  
h i g h e s t  s i n k i n g  v e l o c i t i e s ) .
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L a r v a l  s i z e  was t h e  m o s t  i m p o r t a n t  f a c t o r  i n f l u e n c i n g  swimming and  
s i n k i n g  v e l o c i t i e s .  The l a r g e s t  e a r l y  umboned l a r v a e  (131  um) had  t h e  
h i g h e s t  swimming and  s i n k i n g  v e l o c i t i e s .  S t r a i g h t  h i n g e d  l a r v a e  f ro m  
b o t h  r e p l i c a t e s  w e r e  a p p r o x i m a t e l y  t h e  same s i z e  and  t h e  v e l o c i t i e s  
r e c o r d e d  fro m  them  a r e  v e r y  s i m i l a r .  The i n c r e a s e d  v e l a r  s i z e  o f  l a r g e  
l a r v a e  a p p a r e n t l y  m ore t h a n  c o m p e n s a te s  f o r  t h e i r  i n c r e a s e d  s h e l l  
w e i g h t .  When a c t i v e  swimming c e a s e s ,  h o w e v e r ,  t h e  i n c r e a s e d  s h e l l  
w e i g h t  p r o b a b l y  a c c o u n t s  f o r  t h e  i n c r e a s e d  s i n k i n g  r a t e s  o f  l a r g e  
l a r v a e .
A v e ra g e  swimming v e l o c i t i e s  i n  a l l  a c c l i m a t i o n  s a l i n i t i e s  and f o r  
b o t h  s i z e s  o f  l a r v a e  e x a m in ed  a r e  s l i g h t l y  l o w e r  t h a n  t h o s e  o f  many 
o t h e r  i n v e r t e b r a t e  l a r v a e  b u t  a r e  s i m i l a r  t o  v a l u e s  r e c o r d e d  f o r  o t h e r  
b i v a l v e  l a r v a e  ( T a b le  1 1 ) .  The s m a l l  s i z e  o f  t h e  l a r v a e  o b s e r v e d  i n  
t h i s  s t u d y  may a c c o u n t  f o r  many o f  t h e  d i f f e r e n c e s  among s p e c i e s .  The 
e x c e p t i o n a l l y  h i g h  v e r t i c a l  v e l o c i t y  o f  o y s t e r  l a r v a e  r e c o r d e d  by  Wood 
and  H a r g i s  (1971 )  i s  t h e  o n l y  da tum  f o r  b i v a l v e s  w h ic h  i s  v e r y  d i f f e r e n t  
f ro m  t h e  v e l o c i t i e s  r e c o r d e d  i n  t h i s  s t u d y .  Even t h e  h i g h e s t  maximum 
swimming v e l o c i t y  d e t e r m i n e d  i n  t h i s  s t u d y  i s  much l o w e r  t h a n  t h a t  
r e p o r t e d  b y  Wood an d  H a r g i s  ( 1 9 7 1 ) .
L a r v a l  b e h a v i o r  and  i t s  p o t e n t i a l  e f f e c t  on d i s t r i b u t i o n  c a n  b e  
i n t e g r a t e d  w i t h  o b s e r v a t i o n s  f ro m  p r e v i o u s  s t u d i e s  t o  b e t t e r  e x p l a i n  
e s t u a r i n e  r e t e n t i o n  p r o c e s s e s .  R e s e a r c h e r s  i n  t h e  S t .  M a r y 's  (M anning & 
W h a le y ,  1 9 5 4 ) ,  C h o p ta n k  ( B o i c o u r t ,  1 9 8 2 ;  S e l i g e r  e t  a l .» 1982) an d  Jam es  
r i v e r s  ( R u z e c k i  & H a r g i s ,  i n  p r e s s ;  B y rn e  et^ a l . ,  1987 ;  Kuo e t  a l . ,  i n  
p r e s s )  h a v e  n o t e d  i n  e a c h  s y s te m  a n  a r e a  w h e re  f l o o d i n g  h i g h  s a l i n i t y  
w a t e r  i s  f o r c e d  u n d e r  e b b in g  low  s a l i n i t y  w a t e r .  E ach  e s t u a r y  h a s  
h i s t o r i c a l l y  h a d  h i g h  a m o u n ts  o f  l a r v a l  s e t t l e m e n t  a n d  i s  a  t r a p p i n g
TABLE 11 VERTICAL SWIMMING VELOCITIES OF INVERTEBRATE LARVAE*
T axonom ic
Group_____
P o r i f e r a
( C a l c a r e a )
A u r e l i a  a u r i t a
C a p i t e l l a
c a p i t a t a
Type and  S t a g e  
o f  L a r v a e  
A m p h i b l a s t u l a
s m a l l  e p h i r a e
T r o c h o p h o r a e  w i t h  2 
c i l i a r y  r i n g s
M e r c e n a r i a  m e r c e n a r i a  V e l i g e r
T e r e d o  (L y r o d u s ) V e l i g e r
p e d i c e l l a t a  (=T e r e d o  b a r t s c h i )
**
P e c t e n  maximus
A r c t i c a  i s l a n d i c a
O s t r e a  e d u l i s
C r a s s o s t r e a  v i r g i n i c a
L o l i g o  f o r b e s i  
B a l a n u s  s p p .  
P a n u l i r u s  j a p o n i c u s
V e l i g e r
V e l i g e r
V e l i g e r
V e l i g e r  
S t r a i g h t  h i n g e  
Eyed
n e w ly  h a t c h e d
N a u p l i i
p h y l lo s o m a e
V e l o c i t y
mm/s
0 .0 3
7 .5 2 - 1 0 . 7 5
3 .3 0
1 . 1 7 - 1 . 3 3
7 .5 0
<1 . 0- 1 . 4  
0 . 2 0 - 0 . 5 2
1 . 2 3 - 1 . 6 0 1
10 . 0
2 30 .8 3  1 .6 7
2 32 .3 3  8 .3 3
6 - 2 0  1 5 0 -2 5 0
4 . 1 3 - 6 . 2 5  
3 . 9 - 5 . 0
R e f e r e n c e
Kon s  t  an  t  i n  ova  
(1966)
H ardy  and  
B a i n b r i d g e  (1954)
Kon s  t  an  t  i n  ova  
(1969)
T u r n e r  and 
G e o rg e  (1955)  
C a r r i k e r  (1961)
Ish am  and  
T i e r n e y  (1953)
C rag g  (1980)
Mann and  W o lf  
(1983)
C ragg  and  
G r u f f y d d  (1975)
Wood an d  H a r g i s  
(1971)
H id u  and  H a s k in  
(1978)
Zuev (1964)
H ardy  and  
B a i n b r i d g e  (1954) 
S a i s h o  (1966)
* a f t e r  M i l e ik o v o s k y  (1973 )
** m i s i d e n t i f i c a t i o n  l a t e r  c o r r e c t e d  by  T u r n e r  & J o h n s o n  (1971) 
1=2 b a r  p r e s s u r e  i n c r e a s e  2=upward swimming 3 = s i n k i n g
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t y p e  o f  e s t u a r y  a s  d e f i n e d  b y  Andrews ( 1 9 8 3 ) .  L a r v a l  t r a n s p o r t  i n  t h o s e  
e s t u a r i e s  may b e  du e  t o  s i m i l a r  p r o c e s s e s .  S in c e  m ore  d a t a  c o n c e r n i n g  
l a r v a l  d i s t r i b u t i o n  and  w a t e r  c i r c u l a t i o n  a r e  a v a i l a b l e  f o r  t h e  Jam es  
R i v e r ,  t h a t  i n f o r m a t i o n  w i l l  b e  u s e d  a lo n g  w i t h  t h e  p r e s e n t  r e s u l t s  t o  
i l l u s t r a t e  t h e  p o t e n t i a l  e f f e c t  l a r v a l  swimming b e h a v i o r  may h a v e  on 
r e t e n t i o n  o f  l a r v a e  i n  e s t u a r i e s .
B a se d  upon  b e h a v i o r  a l o n e ,  l a r v a e  n e a r  t h e  m ou th  o f  t h e  Jam es  
R i v e r  (Hampton R oads)  w o u ld  b e  e x p e c t e d  t o  b e  n e a r  t h e  s u r f a c e  s i n c e
s a l i n i t i e s  a r e  f a i r l y  h i g h  (>20 ° / o o ) . S u r f a c e  c u r r e n t s  t e n d  t o  b e  
c y c l o n i c  h e r e  w i t h  some w a t e r  m ov ing  b a c k  up  t h e  e s t u a r y ,  a l t h o u g h  t h e r e  
i s  l o s s  o f  w a t e r  f rom  t h e  r i v e r  m o u th .  On f l o o d  t i d e ,  t h i s  w a t e r  i s  
f o r c e d  b e lo w  s t i l l  e b b i n g ,  l e s s  s a l i n e  w a t e r  a l o n g  a  f r o n t ,  t h e r e b y  
f o r c i n g  e n t r a i n e d  l a r v a e  i n t o  u p s t r e a m  m oving b o t to m  w a t e r .  I n j e c t i o n  
o f  s u r f a c e  w a t e r  i n t o  u p - e s t u a r y  m oving  b o t to m  w a t e r  h a s  b e e n  r e p o r t e d  
f o r  o t h e r  r i v e r s  w i t h  h i g h  o y s t e r  s e t t l e m e n t  (M anning & W h a le y ,  1954 ;  
S e l i g e r  e t  a l . ,  1 9 8 2 ) .
The t e n d e n c y  o f  l a r v a e ,  o n c e  e n t r a i n e d  i n  t h e  b o t to m  w a t e r ,  t o  
swim t o  t h e  s u r f a c e  t h r o u g h  o v e r l y i n g  low  s a l i n i t i e s  i s  d e p e n d e n t  upon  
t h e  s a l i n i t y  d i f f e r e n c e  b e tw e e n  w a t e r  l a y e r s  and  u p o n  an y  s m a l l  s c a l e  
v e r t i c a l  m ix in g  o f  t h e  w a t e r .  C a l c u l a t i o n s  o f  p o t e n t i a l  v e r t i c a l  
d i s t a n c e  t r a v e l l e d  p e r  h o u r  u s i n g  a v e r a g e  and  maximum swimming 
v e l o c i t i e s  g a v e  e s t i m a t e s  o f  1 .0 6  and  2 .6 3  m /h r ,  r e s p e c t i v e l y ,  f o r  
s t r a i g h t  h i n g e  l a r v a e .  The a v e r a g e  swimming v e l o c i t y  o f  e a r l y  umboned 
l a r v a e  was e s t i m a t e d  t o  b e  2 .7 2  m /h r  and  t h e  maximum swimming 
v e l o c i t y  was e s t i m a t e d  t o  b e  6 . 4 8  m /h r .  I f  l a r v a e  do n o t  a v o i d  a  low  
s a l i n i t y  s u r f a c e  l a y e r  and  t h e r e  i s  no  v e r t i c a l  p h y s i c a l  t r a n s p o r t ,  e v e n
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t h e  s m a l l e s t  l a r v a e  c o u l d  p o t e n t i a l l y  r e a c h  t h e  s u r f a c e  i n  s e v e r a l  
h o u r s .  Mann ( i n  p r e s s )  h a s  d e t e r m i n e d  t h e  v e r t i c a l  d i s t r i b u t i o n  o f  
l a r v a e  on b o t h  s i d e s  o f  t h e  f r o n t  i n  t h e  Jam es  R i v e r .  He fo u n d  t h a t  
l a r v a e  w e r e  t r a n s p o r t e d  u p s t r e a m  i n  t h e  h i g h  s a l i n i t y  b o t to m  w a t e r  
b e y o n d  t h e  a r e a  o f  t h e  f r o n t .  A ndrew s (1983 )  p r e s e n t e d  d a t a  c o l l e c t e d  
i n  t h e  Jam es  r i v e r  u p s t r e a m  o f  t h e  h i g h  s a l i n i t y  s u b m e rg e n c e  f r o n t  i n  
w h ic h  o y s t e r  l a r v a e  w e r e  m ore  a b u n d a n t  a t  m i d - d e p t h  and  i n  d eep  w a t e r  
t h a n  t h e y  w e re  n e a r  t h e  s u r f a c e .
The s a l i n i t y  p r o f i l e  f o r  t h e  Jam es  R i v e r  u p - r i v e r  o f  t h e  f r o n t  
r e p o r t e d  b y  B y rn e  e t  a l .  (1987 )  w as s u c h  t h a t ,  b a s e d  on t h e  p r e s e n t  
s t u d y ,  l a r v a e  w o u ld  b e  e x p e c t e d  t o  swim t o  t h e  s u r f a c e .  E x p e r im e n t s  
u n d e r t a k e n  by  Mann ( i n  p r e s s )  l e d  h im  t o  c o n c lu d e  t h a t  l a r v a l  b e h a v i o r  
a l o n e  may n o t  e x p l a i n  t h e  o b s e r v e d  l a r v a l  d i s t r i b u t i o n s  i n  t h i s  a r e a .
The e x p e r i m e n t s  c a r r i e d  o u t  i n  t h e  p r e s e n t  s t u d y  and  b y  Mann ( i n  p r e s s )  
w e r e  p e r f o r m e d  i n  s t a t i c  s y s t e m s .  B o th  s t u d i e s  i s o l a t e d  t h e  p o t e n t i a l  
b e h a v i o r a l  com ponen t  c o n t r i b u t i n g  t o  l a r v a l  v e r t i c a l  d i s t r i b u t i o n s .  
Swimming v e l o c i t i e s  o f  l a r v a e  a r e  lo w  and  e x t r e m e l y  v a r i a b l e .  U n d e r  
n a t u r a l  c o n d i t i o n s ,  t u r b u l e n t  w a t e r  f lo w  i s  p r o b a b l y  a  v e r y  i m p o r t a n t  
d e t e r m i n i n g  f a c t o r  i n  t h e  v e r t i c a l  d i s t r i b u t i o n  o f  l a r v a e .
L a r v a e  i n  t h e  b o t to m  w a t e r  f l o w i n g  u p - e s t u a r y  s h o u l d  e x h i b i t  a n  
i n c r e a s i n g l y  g r e a t e r  a v o i d a n c e  o f  t h e  s u r f a c e ,  s e a w a rd  f l o w in g  w a t e r  
s i n c e  t h e  s a l i n i t y  o f  t h i s  w a t e r  d e c r e a s e s  u p s t r e a m .  N e a r  t h e  u p r i v e r
l i m i t  o f  a d u l t  o y s t e r  p o p u l a t i o n s ,  b o t to m  w a t e r  moves b a c k  down t h e  
s o u t h  s i d e  o f  t h e  r i v e r  a n d  fo rm s  t h e  u p r i v e r  t u r n  i n  a  c y c l o n i c  s y s t e m .  
Movement b a c k  down t h e  e s t u a r y  r e t u r n s  t h e  l a r v a e  t o  t h e  t h e  a r e a  
i n h a b i t e d  b y  m o s t  o f  t h e  a d u l t  o y s t e r s .
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L a r v a l  b e h a v i o r  a l o n e  c a n n o t  e x p l a i n  t h e  o b s e r v e d  d i s t r i b u t i o n s  o f  
o y s t e r  l a r v a e  g i v e n  t h e  known s a l i n i t y  s t r a t i f i c a t i o n  o f  m ost  m id -  
A t l a n t i c  e s t u a r i e s .  T h i s  s t u d y  i n d i c a t e s  t h a t  l a r v a e  a r e  g e o n e g a t i v e  
swimmers i n  m o d e r a t e  t o  h i g h  s a l i n i t y  and  w i l l  swim t h r o u g h  s a l i n i t y  
d i s c o n t i n u i t i e s  o f  g r e a t e r  m a g n i tu d e  t h a n  commonly o c c u r  i n  e s t u a r i e s .  
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o u t - f l o w i n g  w a t e r  an d  l a r v a e  a t  t h e  m ou th  an d  i n j e c t  them  i n t o  u p -  
e s t u a r y  f l o w i n g  h i g h  s a l i n i t y  b o t to m  w a t e r .
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